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Rule-Based Motion Coordination
For The Adaptive Suspension Vehicle

On Ternary-Type Terrain

S.H, Kwak and RB. McGhee

Naval Postgraduate School
Department of Computer Scierte (Code CS)

Monterey, CA 93943, U.S.A.

ABSTRACT

This study investigates the utility of rule-based coordination of motion for temnary.type terrain locomotion

by a hexapod walking machine., The ternary-type terrain considered is composed of permitted areas,

forbidden areas, and ditch areas. The logic for generating motion coordination is written in Prolog while the

simulation of the terrain and of the vehicle kinematics, as well as low-level on-board computer functions,

are written in extended Common Lisp and Flavors. It is found that this approach, which utilizes multiple

programming paradigms for programming motion coordination logic and simulation objects, results in code

that is much easier to understand and modify than previous motion coordination programs written in Pascal.

Thus, the code development effort and time are greatly reduced. The authors believe that both the

methodology and the motion coordination logic presented in this report possess sufficient merit to justify

full-scale physical testing in the Adaptive Suspension Vehicle at the Ohio State University.
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1. Introduction

The Adaptive Suspension Vehicle (ASV) is a large six-legged vehicle designed for outdoor

operation in rough terrain. Limb motion coordination for the ASV is accomplished by an on-board

computer network consisting of one PC-AT, eight Intel single-board computers, and two special purpose

computers [1,2], The software system is hierarchically organized with a clear distinction being made among

an individual leg control level, a leg motion coordination level, and a body motion planning level [2,3].

Except for the two special purpose computers, the application software for the ASV is currently written

almost entirely in Pascal. A custonm designed real-time operating system, written mainly in PL/M,

coordinates the functioning of all processes running on the various processors of the vehicle computer. The

total ASV software system involves somewhat more than 150,000 lines of code [2,4].

An important feature of the ASV is its omni-directional motion capability [1,21 which gives it the

general maneuverability characteristics of a helicopter. This behavior is achieved by providing the operator

with a joystick with three major motion axes for control of vehicle forward velocity, lateral velocity, and

turning velocity respectively [2]. The vehicle control computer accepts these commands and synthesizes a

sequence of leg movements to produce the desired body behavior. It is assisted in this task by information

from an optical terrain scanner which provides a map of terrain elevation in the immediate vicinity of the

vehicle [5], and by force and position feedback from each leg.

Until now, nearly all outdoor experiments with the ASV have made use of a tripod gait in which

legs are used in two sets of overlapping tripods (6,7]. This gait was chosen both for its relative simplicity

and for its known optimality under high speed straight-line locomotion conditions (7,8.9]. However, the,

tripod gait is not well suited to extreme terrain situations in which a significant fraction of the area under a

given leg may be unsatisfactory for load bearing due to the presence of rocks, holes, obstacles, soft soils,

etc. In the latter case, simulation experiments [10,11l],and initial indoor testing [12], indicate that on-line

optimization of leg sequencing should give better results,

Gaits involving real-time optimization of stability or maneuverability in the presence of terrain

constraints are often calledfree gaits to distinguish them from the periodic gaits used by walking machines

and animals in less difficult circumstances [13,14]. Until now, all free gait studies have been performed
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based on a binary terrain model which includes two types of terrain objects; i.e., obstacle and non-obstacle

[10,11,15,16]. The size of the individual obstacles is restricted to be comparable to that of the feet of the

ASV with the further assumption that the obstacles are randomly distributed on the terrain. In Ltis study,

in addition to the above small obstacles, a ditch obstacle, which is a large and structured obstacle whose size

is comparable to that of the vehicle, Is introduced as a third type. Therefore, the terrain model is ternary

rather than binary, and contains both randomly distributed small obstacles and large ditch obstacles.

Though the free gait motion coordinator developed in [16] performs well jOr binary terrain, in this report, a

new motion coordinctor, called the "Ditch Crossing Motion Coordinator" is additionally introduced to

enhance ditch crossing capability, Thus, two motion coordinators coexist in the program, while, at one

instance, only one of them is allowed to control the vehicle depending on terrain conditions. If the

existence of a ditch is detected, the newly introduced motion coordinator takes over control of the vehicle

until the ASV has crossed the ditch, After crossing the ditch, vehicle control is automatically transferred

back to the Free Gait Motion Coordinator developed in [16] to handle small obstacles effectively.

Differing from all ASV experiments using an imperative language (Pascal) to encode stepping

algorithms, this study uses Prolog, Flavors [18], and Lisp as in [16,17] because of the authors' belief that

such a multiple programming paradigm is very well suited to the complex nature of the motion

coordination problem for the ASV, involving a constant interaction among the on-line optimization logic,

the vehicle and its internal objects. and the numerical routines. In what follows, Prolog is used to program

the first pa, t, and Flavors and Lisp are introduced to program the second and the third parts. This division

of the motion coordination problem is suggested by the physiology of animals which utilize a brain, a

physical body, and muscles to move themselves. Moreover, like the hierarchical organization existing

among the th~se functional parts of animals, the program described in this report is also organized according

to same type of hierarchy. Specifically, the top level of the program is the motion coordinator written in

Prolog, while the second level is the Flavor objects which simulate a body, legs, and sensory organs. The

numerical function routines written in Lisp perform all necessary calculations to move the legs and the

body analogous to the action of muscles. The resulting code is remarkably easy to understand and modify

because each programming language naturally provides the right programming paradigm for each division of
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the program. Moreover, the resulting code is at least an order of magnitude shorter than the corresponding

Pascal code for same reason. Consequently, this approach significantly reduaces development time.

The remainder of this report first presents definitions used l.• th4s r. 4or 0r4 sascussion of the

mathematical-model used to simulate terrain and the ASV vehicle. This .s ;b2owed by a desciiptaon of the

ditch crossing motion coordination rule-set, and the use of Prolog to roalibe both ditch crossing motion

coordination and normal motion coordination. The report concludes with a discussion of the results of the

investigation and suggestions for future research.

2. Definitions

In this report, a number of definitions are used as follows:

Definition 1: Afootiwld is a point on a segment of terrain, and can be assigned to a leg while the

leg is in the air. When the foot of a leg is placed on the terrain, its assigned foothold becomes the support

point of the leg. A foothold associated with a leg can be changed to a new one before the foothold becomes

a support point [10].

Definition 2: The support pattern associated with a given set of leg support points is the convex

hull of the vertical projections of all support points into a hoi ontal plane [131.

Definition 3: The magnitude of the stability margin at time t for an arbitrary support pattern is

equal to the shortest distance from the vertical projection of the vehicle center of gravity to any point on the

boundary of the support pattern. If the pattern is statically stable, the stability margin is positive.

")therwise, it is not defined [15].
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Definition 4: A working volume is associated with each leg. This volume is a subset of three-

dimensional space defined relative. to the body and consists of the collection of points which can be reached

by the foot of the given leg (11,19].

Definition 5: A temporal kinematic margin is associated with each foothold. At any instant, this

margin is the time remaining until the associated leg would reach the boundary of its working volume if the

foothold were used as a support point 115,19].

3. Vehicle and Terrain Model

While the vehicle model used In this study is based on the ASV, it represents only the major

vehicle dimensions and components. Specifically, the cabin and the terrain scanner are omitted from the

simulation model, while the geometries of the body and the logs are identical to those of the ASV.

Therefore, the simulation model is represented by a simple six.faced box with each leg drawn as two line

segments as shown in Figure 1. The exact vehicle dimensional data can be found in other literature (2,7].

Differing from the most previous simulation studies related to gaits and control of stepping

(10,11,15,16,191, which simply ignore the overlapped portions of adjacent working volumes, in this study,

the overlapped portions are taken into account during the foothold selection process in order to utilize the

full kinematic capability of the vehicle.

The terrain adopted for this study is made up of terrain cells, and these individual cells are classified

into two types of cells. One type, called apermited cell, is able to support the body load when a leg steps

on it. The other type, named aforbidden cell, is not ussble because of unfavorable terrain conditions.

Though this classification is complete with respect to individual terrain cells, there is a chance that a group

of the forbidden cells can constitute a large structured obstacle instead of being randomly distributed. In this

study, one type of structured large obstacle, a ditch, Is considered because of its special shape, a long length

and a relatively narrow width. Due to its shape, the most effective way to overcome a ditch is, if possible,

crossing it instead of avoiding it by going around it. However, avoidance may be a better choice for other
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types of large obstacles. This possibility is not studied in this eport. Rather, the simulation terrain is

ternary terrain which is composed of permitted cellsforbidden cells, and a ditch. A typical terrain exampl;

utilized in this study is shown in Figure 1. A cell with an "X" mark is a forbidden cell or a part of a ditch

arma while unmarked cells are permitted. A ditch is shown in the middle of the simulation terrain.

Forbidden cells on this terrain can be designated either manually by an operator or automatically by using a

random number generator with a tireshold chosen to produce a specified ratio between permitted cells and

forbidden cells (11].

The dimensions of each cell are one foot by one foot. This size is comparable to that of the feet of

the ASV, and is larger than the resolution of the terrain scanner [5,12).

An overall block diagram of the program developed in this study is shown in Figure 2. This entire

program is written for a Symbolics 3650 Lisp machine [11,20,21]. Each box shown is an object that is an

instance of a Flavor [18] with the exception of the Free Gait Coordinator which is written in Symbolics

Prolog [221. Like the physical ASV which has nine major parts, namely, a body, a vision sensor, a cab,

and six legs, the simulation object, "ASY" has correspondingly nine component objects, "Body", "Vision

Sensor", "Joystick", ýAfd "LegI" thiough "Leg6". These nine objects are linked to "ASV" through a part

relation [16,23]. Each part his its sub-parts, and again is linked to them with a part relation. Differing

from the nine major parts which have visible corresponding parts in the real ASV, the subparts of the

simulation are not physically tangible, but are iiitroduccd bcmause of their funcuinnilitici for program

development. For example, the "Leg I" object, which is a part of the "ASV" object, has six subparts:

"Legl Plan Machine", "Legl Control Machine", "Legi Executor", "Legl Contact Sensor", "Legl Foothold

Finder", and "Legl TKM Calculator". Through the use of a make-instance function in an appropriate

Flavor slot, the "Legl" object binds all of these subperts into one group with the part relation [18]. Ini

order to show the above relations among the objects in Figure 2, the six subpart objects are drawn under the

"Leg1" object.

Besides the part relation, Figure 2 also shows the hierarchical control structure linking the

simulation objectsr,. Specifically, communicatiou is restricted between objects in two adjacent levels by an

assumption that upper lcvels have the right to access status information at lower levels, but the latter must
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receive explicit commands from upper levels to update their internal states, For example, when "ASY", the

vehicle object, needs "Leg1" to support its body, it sends a "Place" decision to "Leg 1" and continuously

monitors "Leg 1" as to whether "LegI" has begun to support the body or is in motion to try to reach a

foothold, On receiving a "Place" decision from "ASV", "Legi" sends the "Place" decisions to "Legl Plan

Machine" while making observations of this machine. This type of message passing to and status

observation from subordinates continues until the "Place" decision is accomplished. That is, when the foot

of "Legi" actually hits the ground, the contact sensor of "Legi" detects the event and changes its internal

state, The state change of "Legl Contact Sensor" is observed by "Leg'I Executor" and by "Legl Control

Machine". In this way, the state change in the lowest level is propagated to higher levels until the touch

down event arrives at "ASV", The detailed description of this control scheme can be found in other

literature [16],

The joystick object simulates the physical three.axis joystick of the ASV through the use of six

keys on the simulation computer keyboard to increment or decrement each of the three rates controlled by

the joystick. These rates are forward velocity, lateral velocity, and turn rate, all in body coordinates, The

altitude of the vehicle above the terrain and its orientation in roll and pitch relative to the terrain are

automatically regulated using the algorithms described in [24].

While an elementary representation of the vision sensor is included in the program, as described in

the above discussion of terrain, it is assumed thm, all forbidden cells and ditches have already been identified

by prior terrain analysis. Of course this assumption does not represent a physical limitation of the ASV,

but as made merely to allow this simulation to be focused on vehicle control, rather than on vision.

In addition to simplification of vision, this simulation also ignores leg mass in order to avoid the

complexity of computing a center of gravity which moves with respect to the body. Moreover, %11 inertial

forces are omitted from the simulation, That is, as in most previous simulation studies relating to gaits

and control of stepping [8,9,10,11,16,19,25,26], only static stability is considered in this study. While

this simplification would be serious in high speed locomotion, free gaits are most appropriate to low speed

traversal of extremely difficult terrain, so the authors do not feel that this is a serious limitation on the

applicability of the results of this investigation.
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4. Ditch Crossing Motion Coordination

When the vision system detects the existence of a ditch, the vehicle operation mode is switched

from the normal free gait mode [I 1,161 to the ditch crossing mode. In contrast to the normal free gait mode

which performs on-line optimization of leg stepping under an environment with randomly distributed small

obstacles [11,16], the coordinator in the ditch crossing mode controls the vehicle with a predetermined

motion sequence in order to effectively overcome a ditch; i.e., a structured large obstacle. The ditch

crossing mode is composed of two phases, the preparation phase and the main phase, and these two phases

are sequentially executed. The preparation phase provides a transition period from the normal free gait mode

to the ditch crassing mode, and the main phase performs the actual ditch crossing action.

4.1 Preparation Phase

The preparation phase is composed of a sequence of nine states, and these nine states are grouped

into two cycles which are named Cycle I and Cycle 2. The first cycle, Cycle 1, consists of six states and

takes care of a transition from the normal mode to the ditch crossing mode. During the execution of the

first cycle, the body attitude is modified to be suitable to cross a ditch. The second cycle, Cycle 2. consists

of three states and causes the vehicle to have the correct leg configuration for the ditch crossing operation in

the main phase. Thus, during the execution of Cycle 2, the body is not moved at all. The graphical

representation of the preparation phase is shown in Figure 3.

"The six states in Cycle I are Place Legs in the Air, Back Middle Legs, Forward Rear Legs,

Forward Middle Legs, Forward Front Legs, and Lift Middle Legs and Move. Body movement is involved

only in the last state. The first state, Place Legs in the Air, represents a simple action; i.e., leg placing,

but the rest of the states represent at least two sequential actions. For example, during the Forward Middle

Legs state, the middle legs are lifted from the ground and placed on the ground using one of the closest

footholds to the front end of the working volumes of the middle legs. Similarly, in the Back Middle Legs

stale, the middle legs are lifted and placed at one of the closest footholds to Lh& back end of the working

volumes of the middle legs.



The first cycle of the preparation phase begins with the Place Legs in the Air state. During this

state, all the legs in the air are placed on the ground without any body movement. At most three legs will

be placed in this state because at least three legs must support the body at all times to maintain the stability

of the vehicle. When a leg is placed in this state, one of the closest footholds to the front end of the

working volume of each leg is selected as a stepping position on the ground, Thus, the newly placed legs

have larger temporal kinematic margins (TKMs) than the legs already on the ground,

At the end of the first state, all six legs are on the ground. Thus, the middle legs can be used for

any purpose because the front and the rear four legs are sufficient to make the vehicle stable as long as these

four legs are within their kinematic limits, Therefore, the middle legs are used to provide maximum TKMs

for the front and the rear legs in the following four states,

The Back Middle Legs state is the first state of the sequence to maximize TKMs of the front and

the rear legs. The middle legs are lifted and placed at the back ends of their working volumes, At the

completion of this state, the middle legs are placed behind the center of the gravity of the vehicle, Thus,

the vehicle can maintain its stability with the front and the middle legs alone, and the rear legs can be lifted,

In the Forward Rear Legs state, the rear legs are lifted and placed at the front end of the working

volume of the rear legs. Thus, both rear legs will have maximum TKMs at the end of this state. Though

the rear leg lifting actions are inherently safe, before lifting one of the rear legs the vehicle stability is

checked to ensure that the vehicle is stable without the rear leg. If the vehicle is not stable, the leg is not

lifted from the ground, and the ditch crossing operation will be halted. If it is stable without the leg, the

leg is lifted. After the first rear leg is lifted safely, the same test is performed on the other rear leg before it

is lifted. This type of test is always performed before lifting any leg from the ground during the ditch

crossing operation in order to ensure safe operation. At the end of the Forward Rear Legs state, both of the

rear legs are placed. Again, the middle legs become redundant for the vehicle stability.

In the Forward Middle Legs state, the middle legs are lifted and placed at the front end of the

working volumes of the middle legs. Because the new support points of the middle legs are ahoad of the

center of the gravity of the vehicle, the vehicle now can be safely supported by the middle and the rear legs.

Thus, the front legs can be lifted from the ground without harming the stability of the vehicle.
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In the Forward Fro.t Legs state, the front legs are liftA and placed at the edge of the vehicle side of

the ditch. This has to be done because the new support points of the front legs will be the last ones on the

vehicle side of the ditch. This requirement is not hard to meet since, as long as the edge of the ditch is

included in the working volume of the front legs, the front legs can always be put in the right position.

However, the opposite side of the edge of the ditch should not be included in the working volume in order

to prevent its being used as possible footholds for the front legp,. Therefore, there is a range of the vehicle

locations w'it respect to the near edge of the ditch so that the vehicle catt select the right stepping positions

for tho front legs. This range is shown in the following equation:

P + IL-DW < DCIR < P +LL ................................. ()

where DCIR : Ditch Crossing Initiation Range
with respect to gravity center of the vehicle

P : Pitch between adjacent legs
L : Longitudinal length of

working volume for each legs
DW : Ditch Width,

To understand this relationship, it should be recognized that the distance from the vehicle's center to the

front ends of the working volumes of the front legs is the sum of the pitch between the middle and the front

legs and half of the longitudinal length of the working volume of the front legs. Thus, the meaning of

Eq. (1) is that when the ditch crossing operation is initiated, the front ends of the working volumes of the

front legs should be positioned between the near edge and the far edge of the C.tch. Evidently, if ditch

crossing is initiated anywhere in the above range, the ditch crossing operation will not be hampered since

the body attitude and the leg stepping positions arc corrected during the preparation phase. It should be also

noted, however, that if DW is less than 3 ft, the vision system does not have to detect the existence of the

ditch at all. The normal plan developed in [161 is capable of handling such ditch width without any

problem.

At the completion of the Forward Front Legs state, the front legs will be placed on the vehicle

side edge of the ditch. Again, the middle legs become redundant.
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In the Lift Middle Legs and Move state, the middle legs are lifted and the body is moved into the

ditch area until at least one of the supporting legs (the front and the rear legs) reaches its kinematic limit. If

too many obstacles have not interfered with the operations of the previous four states, there will be a high

probability for the front legs to reach their kinematic limits first because footholds in the front most

portion of the working volumes of the front legs may be excluded by the location of the ditch. Thus, at the

end of this state, the vehicle body is fully pushed into the ditch area under the constraints of the current leg

configuration, and its movement Is stopped. At this point, although the body position and the front leg

positions are right for the ditch crossing, the rear leg positions are not appropriate because they arm already

near their kinematic limits. Thus, further body movement is very limited or Impossible depending on the

kinematic margins of the rear legs, Even though the opposite side of the edge may not be reachable by the

front legs at the end of the Lift Middle Legs and Move state, the vehicle can cross the ditch if it moves

further into the ditch area by eliminating the kinematic problem of the rear legs and if the ditch width is

narrower than the vehicle ditch crossing capability. In the second cycle of the preparation phase, the

kinematic limits of the rear legs are eliminated.

The second cycle of the preparation phase has three states and starts with the Back Middle Legs

state. No body movement is involved in the second cycle, but the stepping positions of the rear and the

middle legs are rearranged.

In the first state, the middle legs, which are redundant to make the vehicle stable, are lifted and

placed near the back end of their working volumes. Because the new support points of the middle legs are

behind the center of the gravity of the vehicle, the rear legs can be lifted without harming the vehicle

stability.

In the Forward Rear Legs state, the rear legs are lifted and placed near the front end of their working

volumes. Thus, the rear legs obtain maximum kinematic margins. At this point, though the rear legs

provide maximum body movement potential, the middle legs prohibit further body movement.

In the Forward Middle Legs state, the middle leg kinematic problem is eliminated. The middle

legs are lifted and placed at the front end of the working volume of the middle legs. Therefore, both the

middle and the rear legs have their maximum kinematic margins, while the body is completely pushed into
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the ditch area. In contrast to the middle ard the rear legs, the front legs should be at their kinematic limits

because the front legs stepping positions have not changed since they were at their kinematic limits at the

end of Cycle ). If the front legs are now lifted, vehicle body movement can be resumed. This will be the

first action of the following phase, the Main Pase.

In summary, at the end of the preparation phase, the body is fully moved into the ditch area within

the limits of the stability of the vehicle and the kinematics of the legs. The middle legs and the rear legs

are fully forward to enhance the ditch crossing capability, and the front legs are ready to be lifted from the

ground. This preparation allows the vehicle to cross a wider ditch than the longitudinal length of the

vehicle legs' working volumes. Though the other side of the ditch is not included in the front legs' working

volumes at the end of the preparation phase, the body can move forward as long as the vehicle's stability is

maintained and the leg kinematic limits are not reached. That is, if the other side of the ditch is included in

the front leg's working volume before the vehicle becomes unstable and before the other legs reach their

kinematic limits, the other side is reachable by the front legs. If the front legs can be placed on the other

side within the vehicle's kinematic and stability limitations, then the vehicle can cross the ditch because the

ASV legs' working volumes are identical and because the pitches between the front legs and the middle legs

and between the middle legs and the rear legs are the same,

As a result of the above arguments, the maximum ditch width can be crossed by the ASV, which

has identical working volumes for all legs and the equal pitches between the front and the middle legs and

between the middle and the rear legs, is determined by both the pitch length and the length of the

longitudinal working volumes of the legs. Specifically, the maximum ditch width can be crossed by the

ASV is given by:

1
M DW -P+ 1 L -SM -SDE ................................................ (2)

2
where MDW Maximum Ditch Width

P : Pitch between adjacent legs
L : Longitudinal length of

working volume
SM : Safety Margin
SDE : Search Digitization Effect.
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As can be seen, the maximum ditch width (MDW) is calculated by adding the pitch between adjacent legs

and the half of the longitudinal length of the working volumes of the legs, and then by subt,,cting the

safety margin (SM) and the search digitization effect (SDE). The safety margin is a prescribed margin

ensuring safe operation of the vehicle. The search digitization effect is an artifact of the foothold search

process resulting from a one foot by one foot grid search. Wiai the dimensions of the simulation model

discussed in [2,71, the MDW becomes 8.5 ft when the SM and the SDB are 0.5 ft. respectively.

4.2 Main Phase

The Main Phase is composed of three cycles The first and the third cycles are composed of ithree

states each, while the second cycle contains only one state. The first cycle in the main phase in the

program is named Cycle 3 to show continuation from the preparation cycles, Consequently, Cycle I and

Cycle 2 belong to the Preparation Phase, and Cycle 3 through Cycle 5 belong to the Main Phase. A

graphical representation of the Main Phase is shown in Figure 4.

The first cycle, Cycle 3 is composed of three states, Move Forward Front Legs, Move Back Middle

Legs, and Move Forward Rear Legs. During this cycle, the front legs cross the ditch, and the rear legs are

prepared to replace the middle, legs which will cross the ditch in the following cycle. In this cycle, the

vehkile body is allowed to move forward whenever possible. Therefore, all the state names are pre-fixed

with "Move", and each state is composed of three actions, leg lifting, body movement, and leg placement.

In the Move Forward Front Legs state, first, the front legs are lifted while the body i. not moved,

As soon as both front legs are lifted from the ground, the second action is performed, which is a forward

body movement. This body movement is sustained until the middle legs limit this movement because the

middle leg positions with respect to the center of the vehicle gravity determine te stability margin when

only the middle and the rea legs suppxrt the body. Though the middle legs can kinematically move behind

the center of gravity, they should be stopped in front of the center of gravity to maintain the safety stability

margin,

When the body movement is stopped with the completion of the second action of the current state,

the opposite side of the ditch will be included in the working volumes of the front legs if the width of the
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ditch is narrower than MDW. Thus, the third action of the Move Forward Front Legs state follows, in

which the front legs are placed on the opposite side of the 4itch. Thus, the middle legs become redundant

for the vehicle stability.

In the second state of Cycle 3, the Move Back Middle Legs state, the middle legs are lifted from

the ground. The vehicle body movement is resumed because the movement is restricted by the middle legs

to maintain the vehicle stability margin. The body movement is continued until any one of the supporting

legs meets It. kinematic limit, Specifically, the body will be moved until one or both rear legs reach its or

their kinematic limits because the kinematic margins of the rear legs have been used to move the body in

the previous state, but those of the front legs have been just maximized in the previous state, the Move

Forward Front Legs state of Cycle 3. This effect can be easily seen in the second drowing of Cycle 3:State

2 in Figure 4, and "Rear Legs" written on the top of the second drawing shows the termination condition of

the current body movement, When the kinematic limits of the rear legs stop the body movement, the third

action of the current state is performed, which is to place the middle legs at the back end of their working

volumes. Because the middle legs are placed behind the center of gravity, the rear legs can be lifted from the

ground while the front and the middle legs stably support the body.

In the Move Forward Rear Legs state, which is the third state of Cycle3, first, the rear legs are

lifted from the ground. As soon as the rear legs are lifted, the body movement is resumed. However, the

body movement is immediately blocked by the middle legs which have placed back in the previous state.

Thus, the third action of the current state, which places the rear legs at the front end of their working

volumes, is immediately started. Consequently, very little body movement Is Involved in this state, but

the rear legs gain large TKMs so that the body can be moved further in the next cycle. Therefore, though

the other side of the ditch may not reachable by the middle legs under the current body position, the new

body movement, which will be performed in the next cycle, will make this possible.

The second cycle of the main phase, Cycle 4, is composed of one state, the Move Forward Middle

Legs state. In this cycle, the middle legs will be moved to the other side of the ditch. The first action is

lifting the middle legs so that the body movement can be resumed, This movement will last as long as the
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front legs have positive TKMs because the TKMs of the front legs have already been partially consumed in

the previous cycle. This is shown in the second drawing of Cycle 4:State I in Figure 4.

When the body movement is stopped, the other side of the ditch is reachable by the middle legs

because the geometries of the front and the middle legs are identical and because the working volumes of the

front and the middle legs overlap slightly at the rear end of the former volume and the front end of the latter

volume. As soon as the middle legs are positioned on the other side of the ditch, this cycle is terminated.

The last cycle, Cycle 5, which is the third cycle of the main phase, takes care of thi ditch crossing

action of the rear legs. This cycle is composed of the three slates, the Move Forward Front Legs state, the

Move Back Middle Legs state, and the Move Forward Rear Legs state. These three states are the same that

of Cycle 3, This Is not a coincidence, but an expected consequence of the geometrical symmetry of the

front and the rea legs,

In the Move Forward Front Legs states, the kinematic problems of the front legs which block

further body movement are relieved because the first action of this state is to lift the front legs from the

ground. Thus, the body movement, which is the second action of this state, is resumed, and is terminated

by the positions of the middle legs with respect to the body because the positions of the middle legs

determine the stability of the vehicle. When this state is terminated, the front legs are placed on the ground.

In the Move Back Middle Legs state, the body movement is resumed as soon as the middle legs are

lifted from the ground. This movement will last until the kinematic limits of the rear legs are reached.

When this condition is met, the body movement is stopped and the middle legs are placed as far backward as

possible so that the middle legs can support the body together with the front legs. Consequently, the

middle legs will be placed at the edge of the ditch because this edge is in the working volumes of the middle

legs.

The Move Forward Rear Legs state, which is the last state in the last cycle, causes the rear legs to

cross the ditch. The first action is to lift the rear legs from the ground. Body movement is then resumed

and continued until the other side of the ditch is reachable by the rear legs. Again, this will be

accomplished because the working volumes of the middle and the rear legs slightly overlap. Finally, all the

legs are across the ditch. Thus, the ditch crossing operation has accomplished and the operational mode is

15



switched back to the normal mode, and the Free Gait Motion Coordinator [ 16] regains control of the,

vehicle.

S. Program Implementatlon

The top level Ternary Terrain Motion Coordinator is written in Symbolics Prolog because of its

easy translation characteristics from natural language to a computer program, and because of its

straightforward interface to Symbolics Lisp language in which the rest of the program is written. The

Prolog program is listed in Figure 5. It is composed of three functional groups of pre&ýatus. The first

group controls the flow of the whole program, while the second does logic processing which generates

commands for the vehicle body, and legs. The last group is responsible for bridging between the program

written in Prolog and the robot program in Flavor objects, This Is accomplished through the Lisp function

call facility provided by Symbolics Prolog, Specifically, anything following the "is" predicate in a Prolog

clause may be either a Prolog arithmetic function or the name of a Lisp function [22], If a Lisp function

name follows the "is" predicate, it is evaluated according to its definition inside the Lisp environment. In

the program of Figure 5, arguments following "is" predicates are names of Lisp functions, and make

connections to the Lisp environment. A returned value resulting from a Lisp function call may be used to

instantiate a variable preceding the "is" Prolog predicate or test whether the returned value matches a value

preceding the "is" predicate. In the former case, the subgoal "is" always succeeds, but the latter case, only

when two values agree does the "is" subgoal succeed, In the program, only the former case is used. The

Lisp portion of the program is listed in the appendix attached at the back of this report.

The Prolog program is started by typing "robot" on the computer console. The robot clause is the

flrst lUne of the program. After the initialization process is done, it makes the loop clause repeal Thus, it

determines the flow of the whole program.

The loop c'ause is composed of three subgoals, get.cormatd, plan, and execute. This shows the

flow of the program execution for each loop. Based on the input command from the joystick, motion is
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planned, and the planned motion is executed. Then, the executed motion is drawn on the screen by the

draw-robot clause which actually calls a corresponding Lisp function, graphical-display,

The plan subgoal of the loop clause has two altemativesfrcejaitsrmotion coordinatlon..plan and

dltchcroslng motion coordinatlon.plan, In the Prolog prozram, the dtchmode subgoal is tested first

because ditchcrossing.,molon coordlnatonplan deals with a more specific cae than the other, If the

ditch-mode subgoal succeeds, then dltch..crossing motion coordinadonplan is executed. If not, then

fee.gaitsrmotlon-coordinatlonjplan is executed. Thehfre_ealts motion coordination plan clause is

composed of upd&ae robotstate, checktkmblimit, legfplan, body plan, and generate-declslon subgoals.

The first and the second suhgoals update the state and the body position of the vehicle and check kinematic

problems of the legs. The third subgoal, legplan, performs on-line optimization for leg coordination

using the free gait strategy [11,16], Based on the leg plan, the fourth subgoal, body plan, plans the body

movement to enhance the vehicle stability. Finally, the generate3daision, subgoal sends decisions to the

"ASV" robot flavor object. A detailed description of thefrce..aitsrjnotion coordlnalon.plan can be found

in other literature [11,161.

The ditch crossing motion coordination plan and the related clauses implement the ditch crossing

coordination discussed In the previous section. There are two ditch crossing, motlon-coordinationfplan

clauses in the program, and the first clause checks the termination condition while the second clausb

performs the ditch crossing planning. If the ditch crossing activity is not completed, then the first clause

fails, and the second ditch crossingmotion coordlnatlon.plan clause is executed. Thus, the cycle.planner

clause is called into an action.

The cycle.planner clause and related clauses follow the above two dltchjplan clauses. This group

of clauses is named "Cycle Planner", The first clause of the "Cycle Planner" group, dltchplan done,

checks the completion of the ditch crossing plan, The two cycleplanner clauses take care of ditch plan

cycle changes from cycle I to cycle 5 by increasing the cycle number whenever one cycle is completed.

Therefore, the ditch.pl andone clause succeeds as soon as cycle 5 is finished because the cycle number

becomes 6 immediately after t e completion of Cycle 5. The last subgoal of ditchplan done, is
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idle~cycle, which is a dummy plan without any leg planning. It is introduced to fill the gap for the

transition between cycles.

The subgoals used in the cycle.planner clauses, onejcycle dowe and plancycle, are grouped in the

following part of the program, which is called the "Plan Cycle Dispatcher" group. The one cycledone

clause checks the termination condition of one plan cycle, and the five plancycle clauses execute the

appropriate ditch plan cycles based on the plan cycle number which is given through the plan~cycle fact in

the Prolog data base.

The ditch.plan cycle clauses, ditch.plancyclef through ditch.plancycle5 , form another group

called "Cycles" in the program following the "Plan Cycle Dispatcher" group. The first subgroup,

ditch plancyclel, has seven clauses. The first clause of this subgroup takes care of the Initial state

transition, and the rest of them represent the six states in cycle I discussed in the previous section.

Specifically, the first clause retracts plan state(start), which is a cycle starting fact, from the Prolog data base

and asserts a new fact, plan sjate(placelegs.Inthe air), which is the name of the first state. After changing

the Prolog data base, the first clause executes the place jegs in the-air subgoal, which performs the place

legs in the air state in Cycle 1. When the placeJeasjinjthe.air subgoal Is executed, the first clause

provides the next state information for the subgoal so that when the current subgoal is completed the correct

information about the succeeding state is asserted in the data base. The second clause through the seventh

clause sequentially represent six states In cycle 1. Thus, these ordered clauses represent the sequence of state

transitions among the six states. When the last clause calls the ljf?_middlelegsand-move subgoal,

one~plancycledone is given instead of the name of the next state to assert the cycle termination fact in the

data base, This structure is repeated for the rest subgroups of the "Cycles" group, ditch.plan-cycle2 through

ditchjpla.icyclc3.

The following group called "States" is composed of 10 different subgroups, and each subgroup is

composed of two clauses. These clauses accept information about the next state so that the next state

information Is asserted when the current state is completed. However, only the first clause, which takes

care of Its state transition, utilizes the next state information. The second clause ignores the next state

information and executes a subgoal whose name is its clause head name pro-fixed with "do_". Additionally,
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both clauses of each subgroup determine the body movement by executing either the stop or the move

subgoal depending on the needs of each state described in the previous section.

The "State Executors" clause group follows the "States" clause group. This clause group is

composed of 11 subgroups of clauses. Among them, 10 subgroups are responsible for execution of 10

states in the "States" group, while the eleventh subgroup takes care of the body movement, such as move,

stop, clear.move-memory, and move done. Therefore, except for the last ,ubgroup, each subgroup shows a

sequence of actions within a state, which are described in the previous section. For example, the

dojbackinlddie-tegs clause subgroup, which is the first subgroup of the "State Executors" group, is started

with three major clauses. The first clause, back middle legs-done, tests the state termination condition, and

the second and the third clauses perform a sequence of actions, which are lifting the middle legs and then

placing them at the back side of their reachable areas. The second clause tests whether both middle legs are

lifted by executing the subgoal, all middiejlegsiJfted. Initially, this test should fail, Thus, the third clause

is executed. After the third clause is executed twice, the both middle legs will have been lifted from the

ground because the iftmddle.legs subgoal causes one middle leg to be lifted from the ground at a time. In

the do.back.middle legs subgroup, there are two lift middlelegs clauses. The first clause performs the leg

lifting action by selecting one middle leg and then causing It to be lifted from the ground, while the second

clause performs a default action by always succeeding. Only when the both middle legs are lifted from the

ground, is the middle leg placement executed. Specifically, when the all middlelegsLifted subgoal in the

seond clause of this subgroup is satisfied, the place middle-legs-back subgoal is executed. If the middle

legs are placed on the ground again, then the back middlelegs done clause, which is the first clause of the

current subgroup, succeeds because the all middle legs I/ed subgoal has been satisfied by the

middle legs(l(fted) fact which was asserted when middle legs were lifted from, the ground, and because the

all middle legs placed subgoal is now satisfied. Before completing the back middle legs done clause, the

first clause, of the current subgroup, the clcar middle lifed memory and the clear move memory s.ubgoals

clear residual facts generated during execution of the do back middle legs clauses in order not to interfere

with the execution of the following "State Executions" subgroup clauses.
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Rest of the subgroups in the "State Executors" group have the exactly same structure that of the

dobackjm•iddlejeas clause subgroup. Specifically, one state termination clause is followed by two state

execution clauses which are pre-fixed with "do_" and related clauses which support these leading three

clauses. If the related clauses are already available, they are not duplicated by adding them in the subgroup.

The only exception to 1he above structure is the fifth subgroup, the do_1jftmddlejegs clause

subgroup. This subgroup is composed of one clause, and there is no clause to test the state termination

condition. The time required to complete the middle leg lifting action in the Ifl_middleIegsandmove

state, which is the only state that utilizes the do_ lt_middlelegs clause, is considerably shorter than that

needed to complete the body movement in the state. Thus, the leg lifting action is always guaranteed before

the current state is terminated.

The last group of clauses Is named "Plan Libraries", These clauses are used by both
d tchcrossin#gmotloncoordlnatlon.pan and frce.,ets.,motion coordinat on plan. This group is

composed of two subgroups, body plan and generate decision. The latter subgroup sends planned leg

motions through decisions to the robot, "ASV", which is a flavor object. It sends them one by one until

all the decisions in the Prolog data base are exhausted, The former subgroup takes care of body movement

by executing speedplan and trajectoryplan. The speed_plan clauses control the speed of body movement

and the trajectoryplan clauses modify body movemcnt trajectory in order to increase the stability margin of

the vehicle using a "push" operation which causes the gravity center of the vehicle to move away from the

boundary of the current supporting pattern [ 16].

6. Discussion

Performance tests were carried out for various terrain conditions by making the ASV follow a

prescribed standard trajectory. The standard trajectory is a straight line across the model terrain from one

side to the other side while crossing a ditch oriented perpendicular to the direction of vehicle motion, No

failures to complete the standard trajectory were observed for any terrain containing up to a 8 ft width ditch

if no randomly distributed forbidden cells were included in the terrain. However, when forbidden cells were
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added to the terrain with a 8 ft width ditch, the performance was severely degraded, If the randomly

distributed forbidden cells occupied 30 percent or more of the area of the non-ditch portion of the whole

simulation terrain, the ASV always failed to complete the standard trajectory. Specifically, the ditch

crossing operation was halted because the random obstacles on the ground prevented the ASV from using

the most favorable stepping positions near the ditch. However, when the width of a ditch was reduced to

7 ft, no failures in ditch crossing operations were observed. Rather, the capability to overcome randomly

distributed forbidden cells became the bottle neck which determined whether the ASV could complete the

standard tn:rjctory or tiot. Overall, when less than 70 percent of the total terrain Cells were the forbidden

cells, the program made the ASV follow the standard trajectory without great difficulties.

One of the advantages of using object-oriented programming for the ASV object and its subobjects

was the easy exteosion to a new ASV with additional functionality required for the ditch crossing

maneuvers, Specifically, this was accomplished by using the inheritance mechanism provided by Flavors,

The original ASV was an instance of "rotot" class, and the new extended ASV is an instance of "ditch-

robot" class. The latter class is defined as a subclass of the former class. Thus, the entire functionality of

the "robot" class became available to the "ditch-robot" class through the inheritance mechanism. The newly

required capabilities were added to the "ditch-robot" class using "defmethod" which defines the functionality

of a class in Flavors. The result was remarkable. The additional code witten for the new "ditch-robot"

class was less than 10% of the size of the original "robot" class, and roughly more than 95% of the original

code was rused,

One of advantages of rule-based control of motion coordination is the ease of extension of

coordination logic resulting from the fact that individual rules or a group of rules define an independent

piece of behavior. Instead of rewriting all the code related to motion coordination, the new ditch crossing

coordinator was simply added to the original Prolog code. In order to accept the new coordinator, the

original plan Prolog goal in [16] was subdivided into two plan subgoals,fee.galtsmotiontcoordi-

nation_plan and ditch crossing_motion coor'nation-plan, The old plan code in [16] was merely renamed

asfree.gaits-motioncoordinationuplan without any furthei modification, and the new ditch crossing mo-

tion-coordinatlon_plan code was simply added. If the original motion coordinator logic had been imbedded
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in the "ASV" robot code because only one programming paradigm, such as an imperative paradigm, had

been utilized to program the work in (15], the extension to a ditch crossing capability in the "ASV" robot

code would have been a very difficult and very time consuming task.

Overall, the development and coding of the new extended "ASV" and motion coordinator clearly

manifested the advantages of the use of multiple programming paradigms to program a complex robot

motion coordination function which constantly performs on-line optimization like a human or an animal

coordinating his or its motion based on sensory information and learned experiences. Rule-based

programming to express logic, object-oriented programming to simulate physical and functional objects,

and a numerical processing library written in a functional or imperative language to im,.ement mathematics

and physics needed for simulation are very naturally divided components to simulate a complex system,

such as that treated in this report,

One of major complains about programs using Artificial Intelligence techniques and languages is

slow execution speed in on-line computing applications, In this study reported here, the most prominently

visible candidate to be blamed for slow execution speed is Prolog code, However, the execution speed of

Symbolics Prolog on a Symbolics Lisp machine is not so slow as might be expected, It is only slightly

slower than that of Symbolics Lisp or Flavors. However, the execution speed of Prolog implementations

on other machines are usually considerably slower than those of non-Prolog implementations. One

solution for slow Prolog execution speed may be to use a special Prolog processor, such a Xenologic X-I

[27], to execute Prolog code. The other solution is to convert the Prolog code to an other language, such as

Lisp. The latter approach was actually adopted to test the correctness of the program developed herein,

using a TI Explorer machine because this solution is readily applicable without great modification to the

interface between Prolog and Lisp codes, and because a TI Explorer machine was conveniently available to

the authors in an office environment. Though the speed gain in program execution is little over that

expected with Symbolics Prolog, this approach potentially makes a much wider variety of computing

hardware suitable to execute the motion coordination program developed here. Moreover, this approach may

provide another advantage in near future since advances in microprocessors based on RISC or CISC

architecture [28] will, with respect to Lisp execution speed, soon equal or outperform Lisp machines 120.
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Alroady, with respect to execution speed alone, SPARC-based Sun workstations narrow the large gap

previously existing between a Lisp machine and a conventional machine running the Lisp language.

Therefore, rather than running a slow Prolog program on a conventional machine, automatic conversion

from Prolog to Lisp after a development phaqe could become an effective way to achieve markedly better

performance if the program were to be tested on the physical ASV walking machine.

7. Summary and Recommendation

The main purpose of this study was to demonstrate the value of a multiple programming paradigm

approach in the development of software for motion coordination for the ASV walking machine, An

important secondary goal was extending the work In [16] so that the ASV can cross a ditch without any

assistance from a human operator, Thus, the terrain handling capability of the ASV under program control

was extended from binary-type terrain to ternary-type terrain for the first time. The third goal was to take

into consideration the overlapping working volumes of the legs of the ASV in order to utilize the full

kinematic capability that the vehicle geometry can give, This later factor made a direct contribution in

widening the maximum ditch width (MDW) that the vehicle can cross.

The approach adopting multiple programming paradigms for motion coordination, which was

proposed in [11] and implemented in [16), again exhibited its power. First of all, it forced a well-organized

and functionally clean abstraction hierarchy for a complex and ill-defined problem, Secondly, it

considerably reduced development time and effort. The program development associated with this report

could have been a major undertaking if a single programming paradigm had been utilized. Instead, as

described in the preceding text, with the approach taken here most of the program in [ 16] is reused, while

only small amount of code is additionally written.

The code translation from Prolog to Lisp was possible because the Prolog code used herein was

utilized as a simple rule-based system. This success of this translation further justifies the usage of Prolog

as one of the languages in the multiple paradigm environment because it could allow much wider varieties
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of computing hardware to execute the motion coordination program developed. Moreover, this actually

made the program execution somewhat faster than that of the program with the untranslated Prolog code.

Among studies remaining to be conducted are Inclusion of vehicle inertia in the simulation, effects

of leg motion on the location of the vehicle center of gravity, and a better simulation of the vision system.

Such a study would be appropriate to a later phase of this research along with an investigation of further

changes to the Prolog rule set to enable tl.a ASV to climb over large obstacles or to go around them if this

is not possible.
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Leg" Control LogI TKM Joystick Terran
Machine Calculator Command Regultor H Calculator

S~Regulator

Legi Executor

LegI Contact
Sensor

Figure 2: Hierarchy of simulation objeots
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Cyclel :Statel &Plaga Legs In tha Air

-I Cyglal :State2: Mack Mdiddle Lggs

Cyglel ~State3: Forward Rear Laos

Cycel :State4: Forward Middle Legs

-Cyglel eStatag: Forward Front LUM

Cvolel SUMte: Lift Middle Legs and Maya~

Figure 3: Ditch Crossing Preparation Phase
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Cyde2:Statel: Back Middle LM~

Cygle2:Stats2: Forwvard Rear Laos

QC19l2:State3: Forward Middle Lffis

Figure 3: Continued..
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Move Stability

Cyoleg:Statel: Move Forward Front Los

Move Rear Legs

CYcle3:State2: Move Back Middle Legs

Move Middle Legs

Cyvle3:State3: Move Forward Rear Legs

Move Front Legs

Cycle4:Statel: Move Forward Front Le s

Figure 4: Ditch Crossing Main Phase
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Move Stability

Cycle:State1 : Move Forward Front L•_.

Move Rear Legs

Cwyleg:State2: Move Back Middle Leas

Move Middle Legs

Cycle5:State3: Move Forward Rear Leos

Figure 4: Continued ...
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;;-*- Modc:PROIOOlPackage: robot-ruiesBase:1O*"

robot :- initialize, repeat, my-loop, fail.

initialize:- inits, iniLdltch...plan.

lni~dlcth..plan :-retract(.plan-.cycleC.)), retract(plan..staioej), fail,
iniLditch..plan :- sserta(jplmn-.cycle(1)),

*assen(pnlan~tt~lcjegs..ln-he..air)).

myjloop :- get-.command, plan, execute, 1.

gct..command.:- X is read joystick.

plan: - ditch-.mode, dltchucosing-motonsroordination..plan,
plan :. fojc~alts-.motiolncordinatlon...plan.

dltch..mode :- dltch..mode(in). ;cleared by ditch...plan,
dltch..mode :- X is at.~ditwh.area, X mu 4 auserta(ditch-.mode(in)),

execute :. execute..motion, ctrawjrobot, 1.

execute,.motlon I- X is executq-.planned-motlon.

dmawiobot :- X is graphical-display.

Figure 5: Prolog Program
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;;Free Gaits Motion Coordination Plan

fe-aits..moton-.coordlnation.plan :- updatejobotjztate, check jkm jl~r it,
ieg...plan, body~plan, generate-decision, .

update-robot...stte :- X Is update-oboLstatus.

check..tkrjlimit :- Ajleg is aLtkm-jimlt, A-leg Now nil,
asserta(limit..leg(A...leg,lift)).

check-.tkm-limlt.

leg-.plan :- lift-ajeg.
leL~pwia :- exchange-legs.
ieg-.plan:- stable.
leLplan :- Place...ajeg.
leg-.plan.,- waitjfor-jegs.

stable: - Condition is stable..p, Condition mm t,

iift..a..eg :- stable., Ajeg is smallest jkcm.,eg, Ajeg Nmm nil,
Condition is stable~without(Ajog), Condition amut
asserta(decision(AjIeg,..,iift)).

exchange-legs :*stable, LegA is smallesUtkmnJg, Leg A low nil,
LogE Is max-.smj-eg(LogA), LogH Nwa nil,
Condition is has...morejtkm(LegBLegA),
Condition am t
asserta(4ecilon(LegA,LegB,exchange)).

place-.ajleg :- A-leg is max-.sm-legU, Ajeg \- nil,
uasscrta(decision(Ajeg,_,piave)).

waiLl'oriegs: try,_iewjfoothold,
wait-for-egs :- recovery, asserta(reduce-specd).
wait~jorjlegs: asserta(reduce..speed), restorojimit-jcg.

try..newjfoothold: Ajeg is leLwith-.new-foothold, AjIeg \-nil,

mwsrta(decision(Ajeg,_.,place)).

recovery: A-leg is do-.rocovcry, A-leg Nam nil,
assram(docision(A-leg,-,place)), restorejimitleg.

restoreiimitjeg :- reract(llmitjleg(Ajleg,llft)).
reatorejImit-1eg.

Figure 5: Continued
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;;Ditch Crossing Motion Coordination Plan

dth-chsrssln&motlon-.coordinationjplan :- ditch-plan- one. retract(ditch..mode(in)), idle-cycle,
* ~~dlch..crossing-motlon-.coordirnadon..plan :-cycle-.planner.

;;~~"~ Cycle Planner

ditch..plan..done :- plan..cycle(6), retract(plan-.cycle(6)),
awarta(plan-.cycle( 1)),
preparejlexLditch-.plan,

peopnre.nexLdltch...plan : -move.

cycle..planncr :- one..cycle..Aone, plan...cycle(N), NIi s N.+1,
m~at(plan..cycle(N)), amsrta(plan..cycle(N I)),
idle..cycle.

cycle..planner :- plan..cycle,

~;*******Plan Cycle Dispatcher ********II***

one..cycle-.donc: plan-stat(onc~plan..cycle...donc),
rtact(jIan-state(one~jplan..cycle..donc)),

initialize-.plan-.statc.

initiallzc...planjstatw assarta(plan-sLate(start)).

plan~cyclc :* plan...ccle(I), update..robot~state, ditch...planscyclejl,
body..plan, generate-leclslon,!,

plazt.cycle :* plan..cyclc(2), updatc...obot-state, dkih-.plan-.cycle...2,
body..plmn, generate-.docision,I.

plan..cycle: plan..cycte(3), updawc~robot~state, ditch-.plan..cyclc_.3,
body..plan, generate-.decision,l.

plAri..cyclc: plan-.cycle(4), updatejobout-sate, ditch.plan...cyclc_.4,
body-..plan, generate..declulon~l.

plan..cycle :- plan..cycle(5), updatejobot-sttc, ditch-planncyclc..5,
body-p~lan, generate-decision.,!

ldlc..cyvlc: updatc...obost..ate, body-.plan, gcnerate..docclson4,

Figure 5: Continued..
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********~~Cycles ****

diwch-.plan-.cyclc -I plim-.state(star), retract(planitaste(swnt)),

plac8.jegs..injthejr(back...middiejecgs),
ditch..plan..cycle -I place-egujin-dej-aohk.middle-jegs).
ditch..PWa..cyole -l binck..m~alddjp~orwuryar jcg.o).
ditwh-pLcyr~lej:-I forwvdjm-eg (fori %Ln iddle-jegs),
elftch..plmn...cycle -I forwar&..middle-lega(forward-jionL~egs).
dikpwh.~an.cycle -I forwat&.fronLIegs~lifLmiddko-egs..mnd..move).
ditch...phan.cycle -I llft-.mlddle-legs..ancLmove(one..plaz-cycle..done).

uasurta(p,1an..state(back..middlo-legs)),

ditch-.plan...cycle.2 :- back-.middle-jegs(forwadrdjwjegs).
dit.hpWm..Cyclc.2 :- forjwarjn~ep(farward-niddlejlegs),

ditch..plan..cycle-.2 :- forward...middle-jeg.(on..pla.cyc-le..donc).

ditch..plan-,cycle-.3 :- plan..st~catoar), mtact(plan..uWestarto )),
assertapan-state(movejforward-.fron~iegs)),
movejforwardjrtontjegs(movcjforwardcmiddlejecgs),

ditch-.plan-.cycle-.3 :- move-forwarcfrot egs(move-back...middle-egs),
ditch-.plan..cyclo-.3 :- move-back.,middlejlegs(move..forward ..rearjlegs).
ditch-.plan..cyrcle.3 :- move-forwurd-jearjegs(one..plan-.cycle-.done).

aserta(plan-.swtct(move-forward-middle-legs)),
move-forward-.middlce-lgs(one..plan-.cycle...done).rich-.plan-.cycKe4 :-movejford...middlejlegs(one-.plan..cyclc...done).

asserta(plaz-t.sate(move-forward-fronLlegs)),
movejforwardjroinjcgs(move-.forward-.middle-legs).

dihch.plan...cycle...5 :*movejforward..ftou~itegs(move-.back-.middle-Jegs).
ditch...plan..cycle..5 :-move..baack...middlejlegs(move..forwardjearjlegs).
ditch..plan..cyclc_.5: movi._orwad-arjlegson-plan.sycledonc).

Figure 5: Continued..
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States *******

* ;;;;;back...middlejcegs subgroup

back-.middle-legs(Ncxt-State): plan..state(backjnlddlejlegs),
back-middle-jegs-.done,

*ratctpln..staw(back.middlejle~gs)),
auaerta(plan-s.tate(Naxt.State)),

stop.
back-.middlejlegs(Next..State)., plan..sWte(back..middle legs),

do-back-.middle-logs,
stop.

;;;forwar&..frontjlegs subgroup

forward-frontIegs(NexLSt~ae) :- plan-state(forward-frontjegs)),
forward-fjrontjegs-clone,
retrmct(plan.state(forward-fronLlegs),
asscra(plan.Atat(NexLState)),
stop.

forward-.front-jegs(Next-State) :- plan-t.state(forwar&..front-legs)),
do-forward-frontjegs,
stop.

;;;forward-.middle-legs subgroup

forward-middlejlegs(NexLState) :- pl...state~rorward..middlejlegs),
forward-middle-legs-ione,
,tract(plan-.stme(forward-iniddle-lcgs),
aassorta(plan-.state(Next-Statc)),
stop.

forward..mlddlejcegs(NcxL.State): plazi..state(rorward-middle~iegs),
do-farward-.middc-llvjgs,
stop.

;;;forward...rerlogs subgroup

fbrwarcdreariegs(NcxLSatac): plan..szaw(foiwardjrearjlegs),
forward-rearjegs-done,

tew(plai-staleforward-rear-legs),
assra(planK stato(NcxLStatC)),
stop,

forward-jearjegs(NcxL..State): plan..state(forward...earjegs),
do-forwardj-rmjegs,

* stop.

I, ift~middlejlcgs-and...rovc subgroup

Iifc..middlojlegs...ad~move(Ncxt_.State) :- plan-swwtcliftmiddlojlegs...and...mave),
movc...done, stop,

Figure 5: Continued
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m~wln...sie(lift-.middlej.-cgs..azid .movc)),
assnam(plaInsawcNexLStat)).

lii Lmiddlejegs..and-.move(NexLState) :- planjetate~lifLmiddlejlegs..and-naove),
do-fif..middlojegs, move.

;;;;rove- back-.middle-jegs subgroup

move-.back-middiejecgs(Nwct..State): plnsat..uc(movc,.back..midlejlegs),
move-.back-middle-jegs.done,
rwcut~plan-statcmove-.back...mlddle-jegs))-
MasIWA(JPlazt&wte4x~LStwt)).

movejtwkjniddlejeags(NexLSatWc : plan steWmove~bick..middlejlegs),
do-move..back-.midchde-tegs.

..... move-forward-.fron~Legs subgroup

movejorxward-front-legs(NexLState) :- plan..siaz(move-forward..frontjegs),
move-forward-.fronl-jegs-.donc,
rebmt(pL...state(movej~xorwarfronLIegs)),
asscM(plan..sale(NexLState)).

move-fomdjront-jcgs(NexLState) :- plan-.staic(move-forward-.firontjegs),
do2,ove-forwar&..frontjegs.

;;;move-forward..middle-.logs subgroup

move-.forward-middle-legs(NexLState) :. plan...uat(move-forward-middle-legs),
move-forwar&..middle-jegs-.done,
itbact(Plan..statt(Move-forwat-rd~ntjegS-)),
assefta(plan..swae(NexLState)).

movejforward..mzcdleJogs(NexLSwtac):- plan...stae(movejorxward-middlejegs),
do..movejobrwarc~middlejoegs.

;;;movejorward..rearjIegs subgroup

movejforwa~rdearjegs(NexI..Stte): plan..state(movejforwar&..reajegs),
movejforwardmriddlejecgs..donc,
mtwzacpjlanjstate(movejforwardjrearjegs)),
assertaplan..stawe(NexLState)).

movejforwardjearjlegs(No~xLState): pImustate(move-forward-mawjegs).
do..movejforward..rearjegs,

;;;place-egs-in-he-.air subgroup

placeegsjinjthe..air(Ncxt_.Statc): plan-sate(placecegs-jn-the-.air),
plwe-jegs-in-the-air....rne,
ruwtrc(plan-stjwwc~j~Iccgs..n-jhejur)),
asserta(plan-.smae(NexLstat)),
stop.

place~legsjinbc~air(NexLState): plan..s a~leacejcgsjinjhe..air),
do..placejlegsjinjhe...air, stop.

Figure 5: Continued..
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.. *************State ********************

;;;do-.back-.middle-jegs subgroup,

back..middle-jegs-.done - all-mlddle-ejsi-fed, all-middlejlegs..placed,
clw...middlcjlftecLmemoiy, clear.move..memory.

* ~~~do..back-.middlej.egs :- All-middle.-egs_.Ufte, place..mlddlejegs-back.

nll~mlddlejlegs...ifted :- middlejlegis(liftod),
all-middle-jagujifted :- X bs both..mlcldlcjegs-lifI4d X - t,

assat(middle-joga~lifted)).

alI...mlddle-legs..placed :- X is botb..middle-jegs-.placed, X - t.

clear-mlddle_lifted-memory :- retract(middlejags~lifted)).

place,.middlejegs...back :- Ajeg is placable...middie-leg, Ajog "u nil,
asn~ra(dcicsion(A-leg,..,plce..bBck)).

place..middle-jegs-.back.

liftmiddle-jegs :- Ajeg is liftabk...mlddlejcg. Ajcg k- nil,
asserta(decision(A-Jig,-,lLft)).

llft.midd4Ie-lgs.

do-rward-fron~egs subgroup

forward..frontjegs-.done :- alljfmnt-legs-lifted, all-front-jegs..ph"Ac,
clearjmnt~llfted-memory, clear-.move..memory.

do-forwardchLfrnegs: all-frantjlegs-jifted, plmce..ftontjcegs.
dojobrwardjrontjegs:- lift~front-jegs.

all-fronLlegsjiftecd: front-legs(lifted).
all-front-lgs-lifted: X is both~ftonhjlegsjlifted, X -=t

asserta(front-legs(fifted)).

all-frontlegs..placed: X is both..frontjegs-.placed, X - L

clear-fronL-Iifled-memory : - ~react(fron~iegs(llf ted)).

place_ firontjlegs: Ajeg is placablejfrontjeg, Ajecg ýw- nil,
asserta(docision(AIeg,..,place)).

place-ftnLiegs.

lift-front-IgSS :- A-leg is liftablejfron~ieg, Ajeg \mm nil,
aasscrt(deciaion(A-Jeg,..,lift)).

lifttjrnLlegs.

Figure 5: Continued..
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;;;;; do-.forward-.middlcjlegs subgroup

forwan-middieJegsmdowe alI.jnlddlejsegsjlifted, alI...middlejlegs..placed,
clear..middleiliftedjneniory, clear-.move-.menuory,

dojforwardjnlddlejlegs :- ul-mldrtle-jgsjifto, place-.mlddle-jegs.
do-forwazd-middle-jegs : WLinddle-jegs.

place-.middlejegs :- A-log Is placable..midd*Melejg, A-log \% PHl,
aafta(decchlon(A-ieg.,,place)).

plaoo-.middle-jess.

;:;do-forwardjiaujegu subgroup

forwardim-jegs-donc : ullrearjegs-ift4d alU-rarjegs..,plwPed
clea..rarrjiftcd-memnory, clear..move..memoey.

do-fotwardjxwjegs :- all-jrontegs-lifted, place..rearjlegs,
do-forward-nearjgs :- filLrearjlegs.

all jearjegs-jifted :- reauicga(lifteci).
ull-rear-legs..lifted : X is bodueasrjegsjifwed, X - t

asszta(rewarlegs(fifted)).

altjearegs...placed :- X is bothjrearegs...placed, X =a t.

clwjurmJifenemory :- Irmhctzurjags(lifted)).

place-rea..legs :- A-log Is placable...earjag, AjIeg 'P nl
asserta(decision(A-ieg,.,place)),

plcejfwjlegss

liftrcar..legs A..eg is U~ftable.,.reaeg, Ajcg 'von nil,
assena(decision(A-leg,j.,ift)).

lift..rearjlegs.

;;:do-liftmiddle-legs subgroup

dojlifLmiddlejegs: liftcm iddle..lcgs.

;:;;,; do-.movc..back...middlejcegs subgroup

move-.back-.ilddlejlegs...done: ull...mlddleilegsjlifted, a)Lmiddle-jegs..placed,
clear-.middle-jfifed-.memory, clca..move-jnemory,

do-mve~ack~idde~les:-allstop.do...ove..bac...mddleegs Idmcdle....fgsjlifted, move-.done, stop,
ptace,.middieciegs_ back.

do...move...baci~middlejlegs: al~mlddlejegsjiftc4, move.
do..move...b~k..middlejegs: flfLmiddlieogs, stop.

Figure 5; Continued..
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;;:do-.move. -forward-front-legs subgroup

move-forward..frontjlegs-.done; all jwontJegsjlifted, all jrontje~gs..plaCed
clearjfrontjifted..memory, clear..move..memory,
stop.

* ~do..movejoriward.frontjegs :-all jrontjegsjif ted, move- done, stop,
place..frontjlegs.

do-.move-forward-front-egs: ull-frontlegsjlifted, move.
do..movejobrwardjfro~ntegs:- llfnLfrOnSe, stop.

;;;do..move-forward..middleilegs subgroup

move-forward-niddlejegs..done - alLmiddlejeg~silft,
all..middle-.legs-.Placed,
clear..middleilftedjemory,
clear..move..memory, stop,

dojnovejobrwward..iddlelegs :- all,.mlddlejlegs...fted, movo..done, stop,
place..middle-logs.

do-.moveo-fwrwmnmiddle-jegs :- afl~middleilegsjfifted, move.
do..movejobrwarc~middiejlegs :- llfLmiddle-.legs, stop.

;;;do-.movejforward...reaegs subgrf.up

mo~veiorward...rarjegs..done -.- allrear-legs-lif ed, allrearjegs..placed,
clerwreikfted..mt~mory, clear..move..memory,
stop.

do..movejforwntrdjearjegs: W* ljmlrergsjlifte, move..,done, stop,
place-.rearjegs.

do..move-forward-.rwjr-egi: &11ralrwjegs-f.ifted, move.
do-.movejobrward..rearjegs :- liftrearjegs, stop.

;;;place-jegs-injhe-.aiz subgroup

placejlegshe.,..eair._.done :- X is all-legs-.placed, XK L

Place-legsjin-he-.air :- A-log is placable-leg, A-leg \.nil,
assena(decision(Ajeg,..,place)),

placeilegs-jn-.thc..ak.

;;-,;; body-.movement subgrop

move :-asseata(resurne.movem~ent).
stop :-asserta(stop...movement),

clear-.move-.memory :- retract(mov6(donc)),
clear..move..mernory.

move..done:- move(done).
move-done :- X is aukmjimit., X w'wu nUl, asserta(move(done)).
mov03-done :- X is at..stability...lmit, X \-u nil, assertsi(move(donc)).

Figure 5: Continued..
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Plan Libraries

;;;body..plazi subgroup

body..plan:- sp..d..plan, trejectory..plan.

speed..plan :. s ic..~j low..down.
speod-pian - speed-up.

speed-.up :- X is spee&.up..robot.

sIow..down :- X is slow-down-.robot.

trsjectory..plmn :. stable..m, restom-rpiectory.
ftraetor..plan :- modify-.trajctory.

stable..m :-ý Condition is stabla.-p...m, Condition -- t.

mstorcjr*ectory: X is restore-.command.

modify-trjectory : X is modify-.command.

;;;genwiat-..decision subgroup

genemwe..declslon :- retactdecislon(AilegBIog,A~decision)),
X is send..decision(A-jeg,B-jegA..declsion), fail.

geneirate...ecision :- rtactmOllmlLlcg(AiegA.Aecluion)),
X is send .declsion(A-jeg,....A..declsion), fail.

generate-decision.

Figure 5: Continued
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body-conto2.1.:-t.4.isp Wed Nov 28 10:11..34 1.900 3.

i;-*- Mode:Comrnon-Lisp: Saseil0-O

body-controll.er defini~tion

(detffivor body-contro3.2..:(joystick-ecomand-r.gulator terrainr~-egulator
H-calcu2.ator
body-trans-rat.2. body-retat*-rat.~.
body-trans-rate6 body-rotate-rat*6
body-trans-ratel0 body-rotate-rat*10
HI2 iriv-H2. HS6 iv-HE HI2. inv-H10
H iriv-H body-t bocly-r)

£Lnitab.e-.Anstance-variab3.es)

(deftmathod (body-controller a initti)

(sett joystick-ommuiand-regulator (make-instance 'joystick-comnand-regu2.ator)ý
(sett terrain-regulator (make-instance 'terrain-regulator))
(*Ott H-caakulator (miake-instance 'H-ca2.oulator))
(send joystick-aommnird-xequ3ator a initti)
(send te.r~ain-regulator :initti)
(mutt H (mend H-calculator iinitti))
(send sel.f ainit-body-ratea)
(send sel.f tinJit-H)

(detmethod (body-controller a mit-body-rates)

(mutt body-trans-ratel ' (0 0 0))
(mutf body-trans-zate6 '(0 0 0))
(mutt body-trans-tatel0 ' (0 0 0))
(mutt body-rotate-ratel ' (0 0 0))
(mutt body-rotate-rat*6 '(0 0 0))
(&Ott body-rotate-rate2.0 ' (0 0 0))

(dofinethod (body-controller ainit-H)

i library tucntion : ident
mutt HI H)

(mOtt H16 H)
(Sutf HI2. H)
(mutt Law-H (matzixinv H))
(mutt inv-H2 inv-H)
(mutf mnv-HE mnv-H)
(mutf inv-HIO inv-H))



body-controller-t.lisp Wed Nov 29 10:11:54 1990 2

(defmothod (body-controller :control)
(joystick-oonmand deceleration-f actor eatimasted-wippart-plane)

(sett H Hl)
(send self :update joystick-commuand deceleration-factor estimated-support-plane)
(send self :save)
(dotimes (1. 10)

(cond ( (equal 1 0)
(setf body-trans-rat*2. body-t)
(sett body- rut .te-rati-Pl body-r)
(setf HI H)
(setf inv-141 iLv-H))

((equal 1. 5)
(setf bodv-trans-rate6 body-t)
(s~tf budy-rotate-rate*6 body-r)
(setf H16 H)
(setf inv-HE inv-H))

((equal 1. 9)
(eset body-trens-catelO body-t)
(setf body-rotato-ratelO bcdy-r)
(setf 1110 H)
(aetf inw-HIO imv-H)))

(send self tupdato joyst4.ck-coowmand deceleration-factor est4.mated-support-plane)

(send self treaitors))

(detmethed (body-controller tupdate)
(6oystick-conmmand deceleration-factor est4.mated-support-plane)

t internally used by control method
(lot* ((-conunand (send terrain-regulator iregulate

esatimated-support-plans H1))
(1-coorwand, (send 6oyatick-oonuiand-zegulator :regulate

joystick-command deoeleration-factor)')

(setf body-t (list (first i-command) (second J-comm~and)
(third t-oommandf))

(setf body-v (list (first t-aormmand) (second t-conunand)
(third 1-command)))

(setf H (send H-calculator :new-H body-t body-r))
(setf mnv-H (matrixinv HM))

(defmethod (body-controller t rastors)
0)

i internally used by control method
(send joystiok-coonuand-regulator : restore)
(send terrain-regrulator trastore)
(send H-calculator taietors))

(defmethod (body-controller :save)
0..

Iinternally used by control method
(send joystick-conrnand-regulatcr : save)
(send terrain-regulator :save)
(send H-calculator :save))



bedy-controller-t.lisp Wed Nov 29 10:11:54 1990 3

(dafmethod (body-controller :get-body-txana-rate2.)

body-trans-rat.e.)

Cdafmathod (body-controllor : get-body-rotate-catel)

body-totate-ratel)

(dafmothod (body-controller tqet-body-trano-rat*10)

body-txana-ratsIO )

(defmathod (body-controller iget-body-rotate-rat*10)

body-rotate -rate 10)

(defmethod (bocy-controller :get-H.)

HI))

inMl)

(dafmathod (body-controller :get-4.nv-H6I

inv-HG)

(defmothod (body-controller :get-HIO)

H10)

(defmathod (body-controller :get-inv-810)

inv-HEo)
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II-*- Mod*:Co~mron--Lisp; B33e:10

Ibody flavor definition

(defflavor body(stability-calculator support-pl&ne-estirnator
body-controller vwner
estimated-support-plarne
deceleration-factor
aupport -plane-clock
modify-vector
modify-vector-p
stop-motion-flag
j cy-command)

tinitable-instance-variables)

(dafmothod (body islow-down)

(setf deceleration-factor (+ deceleration-factor 1))
(it (> deceleration-faotoz, 20)

(aetf decelaratien-factor 20))

(dafmathod (body ispeed-tup)
0)

(setf decoleration-faotor (- deceleration-factor 1))
(if (< deceleration-factor 0)

(aetf decelerat tor-factor 0))

(dofmothod (body :stable-m)
(supporting-legs)

(send stability-ocalcul~ator istabl*-rn
supporting-legs (send oody-controller ;get-HIOM)

(defmothod (body istable-p-m)
(supporting-p-legs a-leg)

(send stability-calculator satable-tp-rn
support ing-p-leqs
(send body-controller :get-KHI))

(defmothod (body :stop-p)

(let ((trans-rat a (:end ~et:get-body-ttrans-ratsej)).
(equal (list (first trpans-frate)

* (second .ranh-rats))
'(0.0 0.0M)))

(definethod (body :modify-conmmarnn

(setf modify-vector
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(send atability-caloulatox :get-recovery-vectorf))

(datmethod tbody :mod4.Cy-cormmand-p)

(3etf modify-voctor-p
(send stability-calculator :get-rooovery-vactor-p)))

(datmethod (body : restore-corruand)

(aetf modify-vector '(0 0 0)))

(deftathod (body tresaore-oonmand-p)

(aetf modify-vector-p 0(0 0 0)))

(degmethod (body tatop-motion)
(a-leg)

(actf stcp-motion-flag s-leg))

(deimethod (body ivestore-motion)

Cactf stop-motion-flag nil))

(deimothod (body :initt±)

Csati deceleration-tacter 0)
Cacti modify-vector-p '(0 0 0))
(actf modify-vector '(C 0 0))
(acti atop-motion-flag nil)
Cacti aupport-p2.ane-olock 10)
sacti stability-calculator

(make-instance uetsbility-csiculatcrj)
Cacti aupport-plane-edt~imator

(make-instance 'aupport-plane-estimator))
Cactf body-controller

(make,-inatance 'body-controller))

(send bupport-piane-eatimator :initti)
(send body-controller :initti)

(detmethod (body :get-modify-vector)

(veotaub modify-vector
(dotprod modify-vector

(normalize-vootor joy-command))))

(deimethod (body :qet-modify-vuctor-p)

modlfy-vector-p)



body-t1±sap Wed Nov 28 1.0:11:59 1990 3

(cdefmethad (body icaloulate-motion)
(joystick-command legs)

(sstf joy-cc inmand joystick~-command)
(cond ((equal wupport-plane-olock 10)

* : ??? bug ???
(setf estimated-support-plane

(send support-plane-ostimator ;get-plane legs()
(aetf support-plane-clock O)M

* (setf support-plane-clook (+ support-plane-clook 1))
(cond

((or stop-mot ion-flag (null modity-vector-p))
(send body-controller :control

' 0 0 0)
0 ext imnaed-support-plans))

(modify-vector-p
(send body-controller :control

(vectadd joy-command (send self tgat-modify-veotor-p))
decae2.ratioii-faotor eastimated-support-plane))

(t
(control body-oont roller

(vactadd joy-command (send self igret-modify-vector))
deceleration-factor estizsated-suppoxt-plano))))

(defmethod. (body iget-estiznated-support-plane)
0)

eat ated-support-plane)

(defmethod (body iqet-hody-trans-ratel)
D)

(send body-controller iqet-body-tranx-rate2.))

Idefmethod (body iget-body-rotate-ratel)
0)

(send body-controller iget-body-rotate-ratel))

(diatmothod (body :get-body-trans-ratelO)
D)

(send body-controller :get-body-trans-ratelO))

(detmethod (body iget-body-rotate-ratul0)
C)

(send body-controller iget-body-rotate-ratel0))

Cdefmethod (.body iget-HI)
C0

(send body-controller :get-Hl))

(deftnethod (body :get-inv-Hl)
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(send body-controller :get-inv-Hl))

(defmethod (Wody :get-H61()
(send body-contollre :get-M6))

(detmathod (body :get-inv-H6)
C)

(send body-oontroller :get-inv-H6)

(defmethod (body :get-HlO)

(send body-controller :get-Hl0))

(deafot•od (body iget-inv-HIO)
()

(send body-oon.roller :get-inv-HI.0))

(dofmtehod (body tmore-stable)
(supporting-logs log! leg2)

(send staility-oaloulator :more-stable
supporting-logo (send body-oontroller :get-H10)
logl leg2))

(defmeothod (body :stable)
(supporting-logo)

(send stability-caloulator :stable
supporting-legs (send body-controllar :get-HlO)))

(defmeWiod (body intable-p)
(supporting-p-legs)

(send stability-calculator :st&able-p
supporting-p-legs (send body-controller :get-Hl)))
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:1-*- ModetCommon-Lispi Daseil0 O

regulator flavor definition

(defflavor regulater((max-a 3.2174) (time-conat 0.5) (sampling-time 0.1))

:intalointane-ar(bes

(dafmothed (regulator ifilter)
(desired-x preaent-x)

ifirat order regulaetion
(lot ((del-vol UI (- deaired-x present-x) time-oonatf))
(+ (* (send self :g-limitor del-vel) sampling-tim.)

(deftet4hod (regulator :9-limiter)
(del-vs 1)

limit acceleration to 3.2174 ft/(eoc*see) or 0.1 0.
(cond ((> del-vol max-a) max-a)

((4 del-vol (- max-a)) (- max-a))
(T del-vel)'))

joystick-oommand-regulator flavor definition

(doff lavor joystick-comrnand-regulator (body-tranu-rate-x
body-trans-rate-y
body-rotate-rate-z
old-body-t rana-rate-x
old-body--trana-rate-y
old-body-rotate-rate-z)

(reg~ulator)
:initable-irkatance-variables)

(defraethod (joystick-cormand-regulator : initti)

(3ef od-tan-rtex .)
(satf body-trana-rate-x 0.0)

(aetf body-rotate-rate-z 0.0)
(list body-trans-rate-x body-trans-rate-1y body-rotate-rate-z))
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(e~efrnthý)d (joystick-cemmand-re,.julator :requlatt)
(joystick-command deceleration-factor)

(if (<- deceleration-factor 0)
(setf deceleration-factor 0.5))j remove effect of doceleration-factý.,..

(let* ((d-const 0.5)
Cx(X (first joystick-command) (Id-const deceleration-f actor)))
(y (*(second jocyst ick-cowrrmand) (/d-const deceleration-f actor)))
(r ( (thirdk joystick-command) ( d-const deCelerati -on-factor))))

(setf body-trans-rate-it (send self ifilter xt body-trans-rate-x))
(aietf body-tranh-rate-y (send self :filter y body-trans-rate-y),
(aotf body-rotate-rate-. (send self :filter r body-rotate-rat,-.)))
(if C~(aba body-trana-rate-4t 0.02) Csetf body-trans-rate-x 0.0))
(if (<(abs body-trans-ratia-y) 0.02) (setf body-trans-rate-y 0.0))
(if C((abs body-rotate-rate-z) 0.005) (setf body-rotate-rate-. 0.0))
(list body-trans-rate-x body-trans-rate-y body-rotate-rate-z))

(defmethod (joystick-oommand-regulator :restore)
0)

(aetf body-trans-rate-it old-body-trains-rat n-x)
Cactf body-trans-rate-y old-)body~.-trana-rat*-y)
(aetf body-rotato-rate-z old-bcdy-rotate-rate-z)
(list body-tran3-xate-x body-tazans-rat^-y body-rotate-rate-.))

(defmethod Cjoystick-ommurand-regulator : save)

(setf old-body-trans-rate-it bedy-trano. rate-it)
(setf old-body-tran -r 'at*-y body-trans-ralte-y)
Csetf old-body-rotate-rate-. body-rotate-rate-2)
(list body-trans-rate-x body-trans-rate-y body-rotat*-rate-'z))
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Mods:Common-Lisp; Base:10

istate flavor definition

(defflavo: atate(name rtext-: .ate)

:initable-instanco-variables)

(dotmethod (state :state-name)

name)

(.Lefmethcd (state ise t-next -state)
(a-atate)

(setf next-state a-st~te))

Isync-state flavor definition

(defflavor syno-stato((time 0) (del-t 0.1) time-out)
(state)

:initable-instance-variables)

(defmethod (sync-state :change)
0)

(setf time (4. time del-t))
(cond ((>- time time-out)

(setf time 0)
next-state)
(t selfl)

Cdefmothod (sync-state iget-time)

time)
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& sync-&tat*a fla-tor-iagfinition

(defflavor asyno-utate((coimmand nil) (observat~ion nil))
'(state)

initnbl.-ihnatarno-vazriablos)

(dofmothod (asyno-stat. :change)
.(Oiven-commvand obso.rv*C-ovent).

(cend (C(and (not, observatiLon).
(equal given-commandcomn)

next-state)
((an~d (not command)

.(equal oboe -ved-event* observation))
ziezt-ettate)
(t $*If~)))

s; tate-machine flavor.definition

(doff lavor atate-nmiohine (stat. owner~)
0)

:initable-inatance-variables)

(detmethod (state-machine -state-name)
0)

(send state :state-n&mo))

i ontrol-state-maohine flavor defint~ion

(def f lavor control-state-idachirae((commnand nil) (observation nil)
contact-sensor executorl

(statu-machine)
:inftable- Inatance-variables)
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(defmethod (control-state-machine O..nitti)
(leg-name)

(;f (memner leg-name '(legI leg4 leg5))
(send self :init-control-machine 'support)
(send self :init-conthol-machine 'ready))

(setf contact-sensor (send owner :contact-sensor))
(setf executor (send owner :executor)))

(defmethod (control-st&ate-machine ;init-control-maohine)
(a-state-name)

t internally used by init method
(let (return lift support contact descent advance ready)

(lmtt return
(make-instance 'sync-state

:name 'return itime-out 0.6))
(aetf lift

(make-instance 'sync-state
:name 'lift :time-out 0.4
snoxt-state return))

(setf support
(make-instance 'asyno-state

Inama 'support iconuoand 'recover-command
:next-state lift))

(setf contact
(make-instance 'sync-state

:nsme 'contact :time-out 1.0
:next-state support))

(setf descent
(make-instance 'async-state

!name 'descent :observation 'contact-confirm
:next-state contact))

(setf advance
(make-instanoe 'sync-state

:name 'advance :time-out 0.6
:next-state descent))

(sett ready
(make-instance 'async-state

:name 'ready :comm•ard 'deploy-conmand
next-state advance))

(send return :set-next-state teady)

(setf state (cond ((equal a-atate-name ilend ready istate-name))
ready)

((equal a-scats-name (send advance :state-name)t
advance)

((equal a-state-name (am.na descent :state-namWeL
descent)

((equal a-state-name (send contact :state-name))
contact)

((equal a-state-name (send iupport :state-name))
supporu)
,(eual a-state-name (mind lift :state-name))

((equal a-state-name (send return :state-name)
return)))
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;(defmethod (centrol-state-machine :changu :bitore)

i(cond ((typep state 'async-state)
(if (contact-sen3or :sensing)

(satf observation 'contact-confirm)
(satf observation nil!)

(defnethod (control-state-maoh;~ne tohange)

(cond ((typep state 'asyno-state)
(it (send contaot-sensor isensinq)

(eetf obseirvation ' contact-confirm)
(sestf observation nil))

(cond. ((typep state "'sync-state)
(sett state (seti4 state tchaniaM))
(t (setf state (send state iohange command oibservation))))

Hdefmethod (control-stante-nmachine :change inaftier)

isend cowand to exisautot with sync-state-tim.
(send execu~tor seand-oommand (send state :state-name))
(ii (typep state 'synic-stat.)

(send executor tait-time (send state tget-time))
(send executor iset-time nJil)))

(do fmethod (cant rol-ataite-miachine : send-command)
(a-command)

(setf commuand s-conwnand))
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;it -*- Mode:Common-Llsp; Base:1O-0

t display.globals

(detvar eye-space nil)
(defvar middle-of-screen nil)

(defvar terrain-joystick)
(defvar graph-terrain)
(defvar graph-aav)

display.library

(defun draw-to-saxth (a-point)
(lot ((draw-pt (make-displayable

zniddle-of-soxoen
(transform eye-space a-point))))

(drxw-to
(li~st (truncate (first draw-pt))

(truncate (second draw-pt)))
*robot..windew*)))

(defun draw-to-earth-d (&-point)
(lot ((draw-pt (make-displayable

middle-of -screen
(transform eye-space a-point))))

(dzaw-to-d
(list (truncate (first draw-pt))

(truncate (second draw-pt)))
*robot-window*)))

(defun erase-to-earth (a-point)
(let ((draw-pt (make-displayables

middle-of -sareen
(transform eye-space a-point))))

(erase$-to
(list (truncate (tir'st draw-pt))

(truncate (second draw-pt)))
*rcbot-window*f))

(defun eye-trans (eye-pt)
;eye-Ft (radiu3 alpha beta)
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ieye.-- oretta3OO-)rtx-ea*~(,a~a*rn(x-,z
returns eye-space
:library : ident, transmatorotate,matrixmult
(let* ((orient (ident))

(rot nil) (trans nil) (eye nil)
(radius (fitrat eye-pt)) (alpha (second eye-pt)) (beta (third eye-pt))
(center-of-inteorest ('list (s (end graph-terrain :max-x) 2)

C,(sand graph-terrain imax-y) 2) C))
(eetf (aref orient 2 2) -1.0)
(setf trans (transmat 0 0 (- radius)))
(sett eye Cmatrimault orient trans))
(setf rot (rotatemat 'y-axis (- alpha))
(astf eye (matrixm~ult eye rot))
(eetf rot Crotatemat 'x-axis (- beta)))
(settI eye (matrixmult eye rot))
(setf trans (tranamat (- (fiArst center-of-intorest))

(-(second oernter-of-interest))
(-(third center-of-intereasfl)

(matrixamult eye tranh))

(del un make-displayable (middle pt)
(let ((scale 5000.0)
(x (first pt)) (y (tecond pt)) (a (third pt)))
(list (+ (* scale (/ x W) (firist middle))

(+ (* scale (/ y a)) (second middle))))

(defun move-to-earth (a-point)
(let ((draw-pt (make-displayable

middle-of -soreen
(transform eye-apace a-point))))

(move-to
(list (truncate (first draw-pt))

(truncate (second draw-pt)))))

joystick flavor definition

(defflavo: joystiok((joy-x 0) (joy-y 0) (joy-r 0))

:initable-instance-variables)

(dafmethod (joystick :get-joy-value)

(let* ((ey-value)
(delta-x 0.2) (delta-y 0.1) Idelta-r 0.01))

(aetf key-value (my-read-char-no-hang))
(cond ((equal key-value '0\f) (setf joy-x (+ joy-x delta-x)))

((equal key-value '#\b) (setf joy-x (- joy-x delta-x)))
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((equal key-value '0\r) (setf joy-y (- joy-y delta-y)))
((equal key-value 10\1) Csetf joy-y (4 joy-y delta-y)))
((equal k~ey-value '#\-) (aett joy-r (- joy-: delta-:)ý)
((equal key-value 10\-) (setf joy-r (+ joy-: delta-r))))

(cand ((ujoy-m 2) (setf joy-x 2))
(( oy-x -2) (sett joy-sL -2)))

(cond ((.joy-y I) (sett joy-y 1))

*(cond ((>u joy-: 0.1) (sett 3oy-r 0.1))
((Oý- joy-: -0.2.) (aett joy-: -0.1)))

(cond ((equal key-value '#\q) (letf joy-x 0)
(netf joy-y 0) ($ett joy-: 0)))

(itjoy-at joy-y joy-: (equal key-value '#\x))))

,(defmethed (joystick treset)

(set! joy-at 0)
(set! joy-y 0)
(sett joy-: Ofl

(sett terrain-joysticok (make-instance 'joystick))

iterrain flavor definition

(defflavor terrain((ter:ain-data (make-array '(49 49) :initial-element 0))
terrain-height-array terrain-height-list joystick
(cursor-at) (curbo:-y) (max-at) (max-y)
(radius 500) (alpha 0) (beta 0))

:initable-instance-variablea
igettable-instance-variables)

(deimethod (terrain :create)

(send self sinitti)
(send self imodify)
(my-print "Now use joystick to control the robut,"1))

(defmethod (terrain :kill)

(kill-robot-terrain-windowa)

(defmethod (terrain :initti)

globals middle-of-screen, eye-space
(move-and-shape-lisp-listener)
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(leot ((array-dims (array-dimensions terrain-data)))
(setf radius 500 alpha 0 beta 0)
(setf max-x (first armay-dims))
(aetf max-y (second array-dims))
(setf cursor-x (floor (/ max-x 2)))
(setf oursoz-y (floor (/ max-y 2))))

(setf terrain-height-array (make-array (+ max-x 1)))
(make-robot-window)
(asetf middle-of-screen

(middle-of-robot-window))
(seof eye-spaoe (eye-trans (list 500 0 0)))
(send self input-terrain-parameters)
(my-print "Please use joystick to tranaform the terrain.")
(my-print "Wait.")
(make-visaible)
(send self :erase-obstacles)
(my-print "Now you can translate the terrain."))

(defmethod (terrain imodify)
()

Sexternal : eye-apace
(do ((delta 0.0001)

(joystick-value nil)
(end-flag nil))

(end-flag (my-print "Wait.")
(send joystick treset)
(send self isave-terrain eye-space)
(send self idraw-obstacles))

(make-visible)
(setf joystick-value (send 6oystick iget-joy-value))
(let ((x (first joystiok-value))

(y (second joystick-value))
(r (third joyltick-value))
(fire (fourth joystick-value)))

(send self :erase-terrain)
(cond

(fire (cond ((user-ok)
(cond ((user-save)

(send self :save..torrain-to-diak (uosr-filv-name))))
(setf end-flag t))

(t
(send joystick :roeet)
(setf jnystick-value (send joyatiok tget-joy-value)))))

((x a delta) (setf alpha (+ alpha 0.05)))
((<x (- delta)) (setf alpha (- alpha 0.05)))
((> y delta) (setf beta (+ beta 0.05)))
((< y (- deltsa)) (setf beta (- beta 0.05)))
((r r delta) (setf radius (+ radius 10)))
((r r (- delta)) (setf radius (- radius 10))))

(setf eye-space (eye-trans (list radius alpha btaM)))
(send self :draw-terrainl eye-space))))

(defmethod (terrain :in-side-of-whole-terrain)
(a-poe)

(let ((dimension-terrain (array-dimensions terrain-data))
(i-x (floor (tivst . por)))
(A-y (floor (second a-poe))))

(cond ((< i-x 0) nil)
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(4i-y 0) nil)
(>i-K ( (first dimension-terrain) 2.)) nil)
(>i-y C (second dimension-terrain) 2.)) nil)

* (T))

(defn'.thod (terar&in :pezrmitted-call)
(tdrrain-posl

(let I((i- (floor (first terrain-pos))) find terrain index
(i-y (floor (second terr&Ai-posM))

(if (send self ii-ieo-hl-er~ terrain-pos)
(it (equal (azef terrain-data i-x i-y) 0) 1parmittsU

t

(datmet~hed (terrain iterrain-point)
(s-poo-wrt-earth)

(let* ((x (first a-pos-wvt-sarth))
(y (second s-pos-wxt-esath))
(w (#and self ivet-haigiht (list x yM))

(l.ist x y 2)))

(dofmothod (tuzrvain igst-height)
(A-posowzt-sarth)

irange 0 -4 x 4o (first dijnension-torrain-height), (0 4 x 439)
1 0 w4 Y <- (second dimension-terrain)

(let* ((dimension-tervain-height, (array-dimensions terrain-height-array))
(x-min 0) (x-max (first dimension-tervain-?&eight))
(x (first a-poa-wrt-earth)))

(if (or (4 X X-min) (> X X-max))
-1000
(lot* ((i-x (floor x)) ignto terrain x-index

(XI. (if (< x i-K) 0.5) (- i-x 1) i-K))
Wx (if (< ( x i-x) 0.5) i-x (+ i-K W))
Wx. (if (< xl x-min) 0 x1))
Wx (if (>w x2 x-max) (- x-max 1) x2))
(s1 (arsf torzrain-height-array xl))
(R~2 (aref terrain-height-array x2))
(slop" (- 2 sl))
(del-K x xl))

0. 21 (* slope del-xM)))

(setf graph-terrain (make-instance ~terrain
tjoystick terrain-joystick))

terrain.±rnput-tuorrain-parameters
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(defmothod (tbrrain :input'-torrain-parameterm)

(Litializa-manu-variablea)
(cond ((setf *old-terrain-file-name*(e-c teai" -am)

(send graph-terrain tead-terrain-txom-diak. *old-tmrrain-'file..name*))
(t
(send self :get-tew-terrain))))

(dafmathod (terrain iget-new-terrain)

(send self iget-now-terrain-height)
(send self :draw-terrain eye-space)
(send self aest-now-terrain-obsatfclem)
(send melt :sat-new-ditch))

(deffmethad (terrain iget-now-terarain-he4.ght)

(angle nil) (data nil))
(cond ((equal slope-typo 'single-angle)

(saet angle (e-eri-lp-~ge ,
((equal elope-type 'msnual)
(sett data (get-terrai~n-slope-data))))

(my-print "Wait.,,)
(send self :read-terrain-height slope-type anql4 data)))

(dofmethed (terrain :aet-new-terrain-obstaclea)

(values nil)
(obstacle-ratio nil) (r~ndom-aeed nil))

(cond ((equal terrain-type 'random)
(sett values (get-tezwain-randum-data))
(aetf obatacle-ratio (first values))
(actf random-seed (second values))
(my-print "Wait."1)
(send self trandom-terrain obstacla-ratio random-seed))

(t
(send self :display-cursor)))))

(defmathod (terrain a set-new-ditch)

(let ((ditch-type (get-ditch-type))

(cond ((&qu~l ditch-type 'adc1-ditc~h)
(satf widtk'-location (get-ditch-width-).oc~ation))
(my-print "Wait.")
(send self iadd-ditch (.!irst width-location)

(second width-location))
(send self :draw-obstacles)
(make-viaible))
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(16 nil)))

terrain.display-tarra4.n

(defmethed (terrain idisplay-ouatsor)
0)

(send self imake-all-permitted)
(do ((Joy-data nil) (x nil) (y nil) (r nil) (fire nil.)

(exit-flaw nil))
(exit-flag (send self lorame-oursor (list Cursor-x oursor-y)))

(niaktevia.ble),
(matt -joy-data (send joystick aget-joy-value))
(#ett x C- (second joy-data))) (sett y (first jey-data))
(sett r (third 3oy-data)) (metf fire (fourth joy-*data))
(mend self e~s-~a:(list oursor-*c curso:-y))
(cond

(fire ($ett exit-flag tý)
( x 0) (Batf cursor:-x (+ curlor-x M.) (if (> oursor-x mnax-x)

(Batt cursor-x max-N)))
H(4 x 0) (Batt cursor-x (- oursor-x 2.)) (if (< oursor-: 0)

(#Ott oursor-x 0)))
( y 0) (mattE cursory (4 oursor-y 1.)) (if (> curaor-y max-y)

(mett cursor-y Max-y)))
((4y 0) ($Ott oursex-y (- ownsor-y 1.)) (if (<C catsor-Y 0)

($OtE curso:-y 0)))
OCr 0) (mett CursE te rain-dLata auzuor-x Gurear-Y) 1))
(>r 0) (3*tf (aief terrain-data cursor-x cursor-y) 1)))

(mend self idraw-curmo: (l1ist cutsor-x curmor-y))
(mend self :draw-obstslesa)
(send joystick :reset)))

(defmethod (terrain idraw-torrain)
(eye-space)

iexternal functionj \display~library\move-to-earth, draw-to-earth
(dot.zimes (x (+ max-x M)
(move-to-earth Clist x 0 (aref terraian-height-array x)))
(draw-to-earth (list x max-x (aref terrain-height-array x))))

(dotimes (y (+ max-y W)
(uiove-to-earth (list (3 y 03))
(dotimes N(+ m*rax-x 1))

(draw-to-earth (list x y Caref terrain-height-arrsy x))))))

(defmethod (terrain idraw~terrainl)
£ eye-space)

iexternal function:z \isplayhlibrary\move-to-marthp draw-to-earth
(do ((xs U.Itst 0 max-x) (odr xe))

(x nil))
((null xi))

(aetf x (car xa))
(move-to-earth (list, x 0 Caref terrain-height-array x)))
(draw-to-skrth (list x inax-x (aref tos-rain-helght-array x))))
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(do ( Cy3 (list 0 MAX-y) (cdr ys))
(y nil))

((null ys))
(sett y (car ys))
(Move-to-earth (list 0, Y 0))
(dotirnes (x (+ max-x W)

(draw-to-earth (list x y (aref terrain-height-array x)l)))))

(detnmethad (terrain erxas6-ebstacles)

i externals i terrain
I external function: \display.library\move-to-earth, draw-to-earth

(dotimes (i (first (array-dimenM ions terrain-data)))
(dotimes (I (second (array-dimensions terrain-data)))
(cond ((equal, I (aref terrain-data i 6))

(move-to-earth (list i jý)
(erase-to-earth (list (+ 1 1) (+ 1 1)))
(move-to-earth (list (+4 1 1) 6))
(erase-to-earth (list i (+ j l))))))))

(detmethod (terrain terase-terrain)
0)

(clear-robot-window))

(detmethod (terrain imake-al.-permitted)
0)

(dotimes (i max-x)
(dotIz¶es (j max-y)

(setf (aret terrain-data i J) 0))))

(detmethod (terrain tread-terrain-height)
(terrain-slope-type t~rrAin-3lope-anqle terrain-slope-data)

(cond ((equal terrain-slope-type 'default)
(setf terraiLn-height-list I'((19 0) (25 1) (35 1 .5)))

((equal terrain-slope-type 'single-angle)
(let* ((angle (* pi. (/ terrain-alope-angle 180)))

(max (* 20 (tan angle))))
(sett terrain-height-list

(list 1(20 0)
(list 40 max)

(t Castf terrain-height-list terrain-slope-data))
(let*~ ((xl 0) (al 0) (a-pair) Car 0)

(x2 (first (car terrain-height-list)))
(z2 (second (car terrain-height-liat)))
(slope U/ (- z2 %I) (- x2 xl)))

Csetft errain-height-list (cdr terrain-height-list))
(dotirnes (i (+ max-x' 1))

(sett zz (+ (*' slope C- i xl)) z1))
(con'd t(equal x2 i)

(Setf X1 X2)
(cond (Csetf a-pair (car terrain-height-list))

Csett terrain-height-list (cdr terrain-height-list))
(setf x2 (first a-pair) )
(setf z2 (second a-pair))
(3etf Z1 am)
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(setf slope , -z2 %I) (- x2 xlM))
(T (setf slope 0) (sett zI zz)))))

(setf (aref terrain-height-array i) zzf)))

(detmethod (terrain isave-terrain)
(eye-space)

(send self :draw,-obetacles)
(send selg :draw-terrain eye-space)
(save-terrain-to-twrxain-bujffez))

(detmethod ýtsrrain isave-terrain-to-disk)
(file-name)

(with-open-i ile,

(mrnege-pathnames file-name 'robet.-kwak~rebot.terrain-data data") :direotion :Outr

(setf-*print-aray* t)
(print terrain-data ou~t-file)
(pri~nt terrain-height-array out-file)
(print radius out-tile)
(prinL alpha out-file)
(print beta out-file)
(aett *Print-array* nil))

(detfmethod (terrain : read-terrain-from-disk)
(file-name)

(with-open-file
(input-file

(merge-pathnamea file-name "robotikwak.robot.terrain-data;") :direction :input)
(satf *print-array* t)
(setf terrain-data (read inpit-file))
(setf terrain-height-array (read input-tile))
(setf radius (read input-file))
(setf alpha (read input-file))
(3etf beta (read input-file))
(sstf *print-array* nil)))

*terrain~display-curaor

(cietmethod (terrain .draw-cursor)
( position)

(let* ((x (first positich))
(y .(second position))
(p1 (list (4 x 0.2) (+ y 0.2) 0))
(p2 (list (+ x 0.8) (+ y 0.2) 0))
(p3 (list (+ x 0.8) (4 y 0.8) 0))
(p4 (list (4- x 0.2) (+ y 0.6) 0))
(points (list p2 p3 p4 p1))

(move-to-earth p1)
(do ((points points (odr points)))
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((null points) 'done-draw-cursor)
(draw-to-earth (car points)))))

(defmechod 'terrain :draw-obsta&les)
()

(dotimes (i max-x)
(dotimes (j max-y)
(cond ((equal 1 (aref terrain-data i j))

(movo-to-earth
(libt i I (aref terrain-height-array i)))

(draw-to-earth
(list (+ i 1) (+ j 1) (aref terrain-height-array (+ i 1))))

(move-to-earth
(list (4 1 1) 1 (aref tertain-height-arway (+ 1 1))))

(draw-to-earth
(list i (+ 1 1) (aref terrain-height-array i))))))))

(defmethod (terrain terase-oursor)
( position )

(let* ((x (first position))
(y (second position))
(pl (list (+ x 0,2) (+ y 0.2) 0))
(p2 (list (+ x 0.0) (÷ y 0.2) 0),
(p3 (list (+ x 0.8) (+ y 0.8) 0))
(p4 (list (+ x 0.2) (+ y 0.8) 0))
(points (list p2 p3 p4 pl)))

(move-to-earth pl)
(do ((ooints points (odr points)))

((null points) 'done-eease-oursor)
(erase-to-earth fear points)))))

(defmethod (terrain :random-terrain)
(obstacle-ratio random-seed)

(let ((a 43411) (b 17) (c 640001) (percent nil) (seed nil) (x nil))
(setf percent obstacle-ratio)
(setf seed random-seed)
(setf a seed)
(dotimes (i max-x)

(dotiznes (5 nax-y)
(if (< (/ (setf x (mod (+ (* a x) b) c)) c) U/ percent 100))

(setf (aref terrain-data i j) 1)))))
(send self :craw-obstaclea))

(defmethod (terrain :add-ditch)
Cwidth location)

(aeotines (i width)
(dotimes (j max-y)

(setf (aref terrain-data (+ i location) J) 1))))

************** ** ***** ***********************************

* graph-vehicle flavor definition
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(defflavor graph.-vehicle (vehicle-poiflt5 (rnak.e-ý,rray 28))
(body-poin~ts (mako-,rray 10))
(polygons (make-a eray 13))
(numpolys n~.l)
(vertices (make-array 100)))

:initabl.-ins~tance-variablos)

(dotmethod (graph-vehicle tinit-data)

(send sel! tread-vehiola-data)) ; ea dta from disk

(defznethocL (graph-v'qhic2.e : display)
(&,.,H foot-ýOositioflS) .

(clear-vobot-w4ndCow) .I
(send self ibody-perito-wrt-earth a-H foot-positiufl5)
(send dolt :draw-vehicle v~hicle-rnoints)
(copy-terrailn-to-ribot -window)
(make-visible))

(datmethod (gr~aph-vehicle :road-vehicle-datt)

iglobal viriabLes vehicle-points, polygons, num~olys, verticos
iformat of file , num"'! .f-point L nwri-of-polygons

(num a-vohizle-point) ..
(num-of-viertices vertices-nwtiber-of-a-polygol) ...

(let* ((vehicle-file (open 'oxp3:kwakc.robot~vehicle.data")I
(numpr.3 (read vehicle-tile))
(numvtces 0) (a-polygon nil))

Csetf nuznpolys (read vehicle-ftlie))
(dotimess (U nuznpts)

(setf (aref vehicle-points 4.) (cdr (read vehicle-file))))
(dotirnes (i 10)

(setf (aref body-points 1) (aret vehicle-points Wf)
(dotimes (4. nwTmpolys)

(uetf a-polygon (read vehicle-f.Lle))
(setf (aret polygons i) (list nwnvtces (car a-polygon),)
(dr (a4-polygon-vortices (cdr a-polygon) (cdr a-polygon-vertices')
(j 0 (+ j 1))

((n:ull a-polygon-vertices))
(ietf Caref vertioes (4 nunivtoes j))

(- (first a-polygon-vortioeu) W))
(setf numvtces 0. nuznvtces (car a-polygon))))

(close vehic3.e-file)))

(set4 graph-asv (make-iAstancs 'graph-vehicle))

;graph-vehicle.dispsiay
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(defrnethod (graph-vethicle :body-'pent.,-wrt-sarth)
(a-H foot'-poeitioris

i library : transform~
(let ((sl 0.6616) (02 0.943) 0a3 3.108) (1 0.8133) (mf 1.0467)

Chipx-list '(5.1667 5.1667 0.0 0.0 -4.9167 --4.9167))
(hipx-list ' (6.0 6.0 0.0 0.0 '-46. -6.0))
(hipy-liet '(1.62 -1.62 1.62 -1.62 1.62 -1.62))
Csignl-list., (1 -1 1 -1 1 -1))
(sign2-liat '(I 1 -1, t1 -1 -1,))
(send self itransfozm-body-points a-H body-pointb)
(do ((positions foot-positibne (adr positions))

(signl-list signi-list (adr aigni-liet))

Ui 0 (4 ± IM)
((tlull positions)' nil)'
(let* (Cfoct-pon (oar positions))

(hipx (car hipm-1iu4t)) %Ihipy (car hipy-list))
(sign:, (car signi-list)) (sign2 (car sign2-liet))
(px C- f 3.rst foot-porn) hipx))
(py C-(second foot-pos) hijbyý)
(pa (thi r d foot-poe))
(theta (vehicle-theta py p. mn signl))
(dmn (vehicle-din px sign2))
(dl Cvehicle-d3. py pa m 1))
(top-p~a nil) (knee-,.ox nil))

(setf top-Poo
(transformi a-If

(vehic2.e-top-pos hipx hipy mn 1 dl theta uignl)))
(setf knee-pos

(transform &-H
(vehicle-knee-poe hipx hipy m 1.*1 a2 s3

dI dmn theta eignI eign2)))
(setf foot-pas (trans~form a-H foot-poe))
(metf Caref vehicle-poiftes (T~ 10 (*3 1)))

top-poe)
(aetf Caref vehicle-points C+ 11 (*3 Wf)

knee-poe)
(aetf Caref vehi.cle-points (4 12 (*3 1)))

foot-poe) ))))

(definethod (graph-vehic..e icaxaw-vehicle)

/ global variables polygons, numpolyi, vertices
(dotimeb Ui nw1mpoly3)

(let ((start (firsh Caret polygons i),I)
Cnwu-verticee (eecond Caret polygone iM))
(move-to-earth Caret vehicle-points

Caret verti~ea etart))
(dotim"e (j nuin-vertiges)

(clraw-to-earth-d Caret vehicle-points
Caret vertices (4 start b)M))
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igraph-vehic1. .display.ýody-,potito-wzrt-earth

(dofmwthod (grapho-vehicle srensfor.-bo~y-poir~Wa)
(sH ody-poiftts)

;globals vshilet-poirnts
i l.ibrary t trasnef~rni

(dotimes (1. 10)
Csetf (drof vehAiclo-poifts i.

(tý,ansform s-A (trot bai~~n~4)')

(datur vehAicle-41. (py psm. '1)
UC ,~ (4.( py py) (+ pz pa) m- (CMM)) 1)

4'ý

(defun vehiolt~-dmr (px siqti2)
(~s.g~ng U px 3,P))

(defun vehicloe-krvv-ppa (hipm hipy mlI al s2 s3
61 &.1~ th.1~a siqrtl2 aign2)

(lot* ((numer (. ý* al #I) (- 0 s2 tn2)) (* 61, d!) (Cdm din)))
(deomai (* 2 al (sqrt (+ 0* dl dl) (* dmn dm~))))
(but& (&coo (U nuiner denom)))
ialpha (- (/ pi. 2) stata clot 41l) ".t&)
(gins (Lini alpha)) (cosa (coo alph~a))
(sint. (sin theta)) (cost (co' thata))
(temp (*(* s3 tin&) (- dI IMl
(Ack (-I s* iqn2 s3 comij hipx))
(yk (+ (Csigni (+ (* temp nint) (* m cost))) hipy))
(zk I- (+ (* temp ooctl Ck mn mint.))

(list ak yk ak)))

(4sf un vehicle-thata (py pt mi signl)
(let* ((angle2. (stem (* sign!. py') (* -1 pa)))

(angle2 (&tan m (sqrt (+ %* py py)
PE pa p)

C-anglel angl*2f))

(dofun vehicle-top-pa. (hipx hipy m I dI theta

(1-di (- 1 dlý)
(amna (sin theta))
(coda (coil theta) )
Cyt (+ 0% aignI (+ (k m corsa) (* l-d2. ins)) hj.pyý)
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i:--Mode:Corruon-Lisp; Saee:10

ditch-robot definition

(defflavor d.itch-robaot(
(teat-overlap-robot)

(detmethod (ditch-robot tinitti)
0)

(send gtaph-aey tinit-data)
(setf vision-system (make-instance 'ditch-vision-system towner self))
(send v'ision-system :initti)
(soatf Joystick Cmake-instanoe 'Joystick))
(send Joystick treset)
(empty-queue 2.ift-queaue)-
Cacti lift-flag t)
(lilt ( (H ))

(setf body (make-instance Ostop-body :owner self))
(aetf H (send body :initti))
(setf legs1 (list

(make-instance 'test-overlap-Ieg :name 'legl. towner self)
(make-instance 'teat-overlap-leg :name 'lsg2 tow'ner self)
(make-Lnstance 'teat-overlap-leg :name 'leg3 :owner self.)
(make-intstance Otest-overlap~leg iname '1eg4 towner self)
(make-instance 'test-overlap-leg iname 'log$ :owner self)
(make-instance 'test-everlap-leg :name 'leg6 iowiier self)

(mapoar #' (lambda ca-leg) (send a-leg tinitti H)) legs))

-(defmethod (ditch-robot :at-stability-limit)
0)

(nut (send self :stable)))

(defmethod (ditch-robot :stop-motion)
0)

(sand body iatop-body-motion))

(defmathod (ditoh-robot :resume-motion)
0)

* ~(senc',body :restore-body-metion)
t)

(defun at -stability limit (
(send asy :at-stability-limrit))
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(detun stop..motion C
(Bend Amy :Stop-motion))

(detun ZO3LuI¶-oflionO C)
(send asv :reeu~e-notion))
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iditch¶-vision-uyatem definition

(deff3.avor ditch-viaion-syatem D)
(vision-system)

(deginethed (ditoh-vision-system :on-ditch-area)
(body-H 10)

(let ((x (aref body-H1O 0 3)M
coond ((and (>= x C-21 7))

(<-(x 21 *dItch-width*Ml
t)

(t nil))))

(setf *dAitch-width* 6)
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-- Mod*:Ccomron-Lisp; 3036:10--

iexecutor flavor definition

(deftlavor executor
(leg-poe-wrt-body desired-foothold-pos-wrt-earth

time command owner sensor (lift-height 1.4)
(Ti 0.0) (T2 1.0) MT 0.4) (T4 0.6)
(planned-contaot-time 0 .4) self-tim~e
(sampling-time 0.1) ready-poe
HIi mv-HI body-trans-tatei body-rotate-ratel)

2 initable-instance-variabies)

(dafmothod (executor t met-desired-pos)
(a-pos)

(sett desired-footho2.d-pos-wrt-earth a-pos))

(defrnethod (executor iqet-deuired-pos)

dosired-foothold-pos-wrt-oarth)

(detmethad (executor :send-command)
(&-ommwand)

(setf cormnand a-command))

(detznethod (executor :set-time)
(a-time)

(Satf time A-time))

(defmethod (executor :leg-pos-wrt-body)

leg-pos-wrt-body)

(defmethod (executor imove)
(h I.nv-8 body-tranh-rate body-rotate-rate)

(setf HI H)
(setf mnv-HIi mv-H)
Cacti bodyrtrans-ratel body-trans-rate)
(setf body-rotate-ratel body-rotate-rate)
(cond ( (equal command 'ready)

(send self :mcve-in-ready))
((equal command 'advance)
(send self :move-in-advance))

((equal command 'descent)
(send self :move-in-descent))
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I(equal command Ocontact)
(send self imove-in-contact))
((equal commanrd '3uppcort)
(send selt imove-in-suppert))
((equal conylanld I lift)
(send Self :move-in-lift))

((equal commnand f ",turn)
(send self i move-ii~-,- '4%uri))

(detmethod (executor nmflve-ifl-onft4ont)

(let j((7e-vlocoity-wrt-body (mend solf :9trnd-ve&.ocity-wrt-body)),)
(noet log-pc3-wrt-~bcdy

(vectadd (nagrinct aampling-timne log-voelrcityý-wrt -6ody)

(detmethod (executor i~ndkvelocity-wrt -body)

Ireturns fOOt-Y*lo~ity-Wrt-UO4y I'
I velocity U -( body-t~ras-ato + body-rotatworate X le'j-pos
iglobals v t .body-trans-ratel, body-ýrotAts-ratel.
I lib : veocsu~b, vootadd, corosprod'

(vectsub ' 0 0 0)
(ventadd. body-trani'-riatcl

(or pr~dbody-rotate-ratel. leg-pos-wrt-body))))

(defmethed (executor imove-in-advance)
0)

(let t(desired-pos (send self t des ired-advauoe-pos -wrt -bod~y))
(dt 6- TI timeM)

(send self imove-del desired-pe,. log-pos-v':t-body dt))
(Metf self-time. 0.0))

(detmathod (executor :deatired-advanco-pos-wrt-body)

ia-pos is desired-atepping-pes-wrt-earth
ireturns desired-pos-wrt-Liody in deploy state
iglobal variable : HI, itiv-Hl
iglobal function i to-earth-transform, tn-body-tronsform, find-terrain-hegiht
(lot* ((deuirod-po3-wrt-earth desired-foothold-pos-wrt-earth)

(terrain-height (third (send owner iterrain-poivit desired-pos-wrt-earthf))
(desired-pos-height-wrt-*arth (+ terrain-height lift-height))
(pox-wrt-earth (list (first desired-pos-wrt-sarth)

(second dehired-pos-wrt-earth)
desired-poa-height-wrt-eart~h)))

(to-body-tranmform inv-Hl pos-wrt-earth)))

(detmethod (executor :move-in-descent)

iglobal function ato-body-tranatormn
iglobal variables inv-Hl
(let ((dt (- planned-contact-time self-timeH))
(if (< dt 0.05)
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(Pfitf log-pos-wrt-body (to-body -tranafaiin
inv-Hl desired-foo':hold-poa-wrt-earth))

(send self imove-del.
(tc..bod'-transformr inv-JH. desired-feothold-pos-wrt-oarth)
leg-pos-wrt-body dt))

i (datmethod (exectitor :rnovo-±n-descmnt iafter)

(ietf self-time (+ self-time samplinV-tiare)))

(defthathod (executor :moe-dsl)
(desired-pos present-pas dh)

iset now leg-poe depending on the arguments
ilib iveotadd, rnagvect
liE (4( dt 0,05)

asetf leg-pos-wrt-body do sired-poe)
(let* ((inv-time-diff 4/ I 0.t))

(del (veotsub desired-pas present-poe))
(velocity (magecot inv-tizne-diff del)))

(astE leg-pos-wrt-body
(vectadd pre.sent-pea (magecat sampling-ti.me velocityj))))))

Aduifmethad (executor imova-in-lift)

(let* ((dt (- TS) time))
(desiged-pos (send self ilift-pci-desired))
(a (third dea4.red-pos)))

(send self :move-del desired-pes ltg-pae-wrt-body dt)
(matt ready-pos

(list (first ready-porn) (second ready-poe) af)))

(defmethed (executor zlift-poo-desized)
irmtArens poaition-wrt-body which will be at the end of lift state.
iglobal f :to-b.ody-tranaform,
iglobal v inv-Hl

0)
(let* ((leg-poa-wrt-earth (to-earth-transform )I1 leg-pos-wrt-body))

(desired-height (+ lift-height (third (send owner :terrain-point leg-poe-wrt-ea
h)) )))

(to-body-transform inv-Hl (list (first log-poo-wrt-earth)
(second leg-poa-wrt-earth)
des:.red-heightW))

(defmethod (executor :move-in-ready)
0(1

(setf .teg-poi-wrt-body ready-pos))

(defmethod (executor :move-in-return)
0)

Modifying log-po3-z io redundeiit but it can correct disturbance by itself,
(lot (Cdt (- T4 time))
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(desxred-p,.a ready-porn))

(send self :rnove-del deaired-poa leg-pos-wrt-oody dt))

(defmethod (executor :move-in-support)

iglobals i body-trans-ratel, body-rotate-rate2.
I lib i vectaddo magveot
I n general terrain, leg-pos-s sh~ould be updated by real terrain height.
(lot ((leg-volooity-wrt-body (send self ifinA-velocity'wrt-bodyH))

(mett loq-pon-wrt-body
(vact~add (maqveot sampling-time leg-veloo4.ty-wrt-body)

leg-pos-wrt-body))))

(defmathod (exeo~tor t.initti.)
(log-name init-H)

(setf sensor (send owner :oontact-sensor))
(let ((X (aref init-H 0 3))

(y laref init-H 1 3H)
(& (aref init-H 2 3)))

bCond ((equal 1.g-name 01eg1)
(sehf ready-pos 1( 5 3 -4))
(matt leg-pos-wrt-bedy (list 6 3 C-a)))
(matt desired-feothold-pos-wrt-oarth (list (+ x 6) (+ y 3) 0)))

((equal leg-name 11eg2)
(matt ready-pos 'C 3 -3 -4))
(setf leg-pos-wrt-body (list 5 -3 (- x)0
(setf desired-fooe old-poo-wrt-earth (list (+ x 5) C-y 3) O0))

((equal leg-name 'leg3)
(matt ready-Poe 'C 0 3 -4))
(matt leg-poo-wrt -body (list 0 3 (- a)))
(matt deuired-foothold-pos-wrt-eazrth (lis'. (+ x 0) (+ y 3) OH)

((equal log-name 'he94)
(matt ready-Poea 1 0 -3 -4))
(matt leg-poo-wrt-body (list 0 -3 (- a)))
(matt desired-feotheld-pos-wrt-earth (list (+ x 0) (- y 3) 0))

((equal leg-name 'leg3)
(setf ready-poe '(-S 3 -4))
(matt leg-poa-wrt-bedy Clist -5 3 C- z)))
(matt desired-foothold-poo-wrt-earthi (list C-x 5) (+ y 3) OM)

((equal leg-name 'leg6)
(matt roady-pos ' (-5 -3 -4))
(matt leg-pou-wrt-body (list -5 -3 ( )
(matt desired-foothold-pos-wrt-earth (list C-x 5) (-y 3) 0)))))
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mn -*- Mode: Cornzon-Liap; B&Se.lO -

iload file (f-load-t-444.lisp)

graph-terrain-is used in sensor and vision

Overlapped working voluime (I toot)
i roi~t and'rear are not extended.

plogic ohan~e

(load I"robot:kwak, robot math-tI")

(load '"robot ikwak. vo!ot iusor-interf aoe-Ull)
*(load. "robots :kwak. robot Igraph-tl")

(load "robot :kwak. robctitdiisplay-t2"'

(load I"roboot:kwak,robotl;vision-t'I)
(load "tobotakwak~robot5,d4.tch-vision-t")

(load "~robot ikwak. robottptkm-tII
(load "robotakwak.robot4:evewlap-tkm-t")
(load "robot :kwak *robot l; foothold-t")
(locd "robot kwak. robot4 poverlap-foothold-t")
(lo~ad~ I"rbottkwak. robritisensor-t"f)
(A'oad "rebet akwak. robot2.pmexeutor-t")
(load "robot: kwak, robot pcontrol-machine-t")
(load "robot :kwak robot;pl.'n-mAchine-t")
(load I"robotikwak. robotlil~gr-t"I)
(load "robot:kwak.robot4poverlap-leg-t")
(load "robot.-kwak.robot5;temt-overlap-leq-t-442.')

(load "robot:kwak. robotpetability-t2"')
(load "robot:kwak. robotjsupport-plane-t")
(load "robot:kwak.robotph-caloulator-t")
(load "robot:kwak. robotpcormmand-regulator-t")
(load 'robot :kwak. robotiterain-regulator-t")
(load "robot :kwak. robot~body-oontroller-t")
(load I~obot:kwak.robotl~body-t'I)
(load "robot.,kwak.robot6pstop-oody-t")

(load "roibottkwak.robotlirobot-tl'@)
(load 'robot:kwak.r,,bo)t4:overlap-robot-t")
(load "robot:kwal:.r~obot5,test-ovsrlap-robot-t-442"1)
(load "robot:kwak.robot6pditch-robot-t")

*(load "rok'ot:kwak.:-obot6:robot444"1)

(load "robot~kwak.r~obot~addi-to-ayatoqm-menu"l)

* (setf asv (miake-instance 'ditch-robot))
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-*- Mode:Common-Lisp; Base:10 -*-1 k*�****,******************* • WWAWw'k, * •W•WW•************* ** ** W * *W*******W W* ***WW *

foothold-finder definition

******** *r***'k *'**''* W* ******, 'Wt W•**t* ** *** •** ****** * * * *** •* **********

(defflavor foothold-finder (sixteen-footholds
four-lines tkm-calculator
(no-oell-available-tlag nil)
(TKM-margin 0,4) owner)

()
:initable-inetance-variables)

(defmethod (foothold-finder :initti)
(leg-name)

(oond ((equal leg-name 'legl)
(setf sixteen-footholda

'( 7 7.3 4,3) ( 7.3 3.3) ( 7.3 2.3) ( 1.3 1.3)
6.3 4.3) ( 6.3 3.3) ( 6.3 2.3) ( 6.3 1.3)
5.3 4.3) ( 5.3 3.3) C 5.3 2.3) ( 5.3 1.3)
4.3 4.3) ( 4.3 3.3) ( 4.3 2.3) ( 4.3 1.3)))

(.etf tour-lines
M(((0 0.3420 -0,9397) ( 8,0832 2.7339 0))
((0 -0,3420 -0,397) 8 8,0032 2,7339 0))
((0 -0,3420 -0.9397) C 3,4167 2.7339 0))
((0 0,3420 -0.9397) ( 3,4167 2.7339 0)))))

((equal leg-name 'leq2)
(.etf sixteen-footholds

1(( 7.3 -4.3) C 7.3 -3.3) C 7.3 -2.3) ( 7.3 -1.3)
6.3 -4.3) 6.3 -3.3) 6.3 -2.3) ( 6.3 -1.3)
5.3 -4.3) C 5.3 -3.3) ( 5.3 -2.3) ( 5.3 -1.3)
4,3 -4.3) ( 4.3 -3.3) ( 4.3 -2.3) ( 4.3 -1.3)))

(setf four-lines
'(((0 0.3420 -0.9397) ( 8,0832 -2.7339 0))

((0 -0.3420 -0.9397) ( 8.0832 -2.7339 0))
((0 -0.3420 -0.9397) ( 34167 -2.7339 0))
((0 0.3420 -0.9397) ( 3.4167 -2.7339 0)))))

((equal leg-name 'leg3)
(setf sixteen-footholds

C ( 1.5 4.3) ( 1.5 3.3) ( 1.5 2.3) ( 1.5 1.3)
0.5 4.3) ( 0.5 3.3) ( 0.5 2.3) ( 0.5 1.3)

(-0.5 4.3) (-0.5 3.3) (-0.5 2.3) (-0.5 1.3)
(-1.5 4.3) (-1.5 3.3) (-1.5 2.3) (-1.5 1.3)))

(setf four-lines
'(((0 0.3420 -0.9397) ( 2.2915 2.7339 0))

((0 -0.3420 -0.9397) ( 2.2915 2.7339 0))
((0 -0.3420 -0.9397) (-2.2915 2.7339 0))
((0 0.3420 -0.9397) (-2.2915 2.7339 0)))))

((equal leg-name 'leg4)
(aetf sixteen-footholds

'(( 1.5 -4.3) ( 1.5 -3.3) ( 1.5 -2.3) ( 1.5 -1.3)
( 0.5 -4.3) ( 0.5 -3.3) ( 0.5 -2.3) ( 0.5 -1.3)
(-0.5 -4.3) (-0.5 -3.3) (-0.5 -2.3) (-0.5 -1.3)
(-1.5 -4.3) (-1.5 -3.3) (-1.5 -2.3) (-1.5 -1.3)))

(set;: four-lines
(((0 0.3420 -0,9397) ( 2.2915 -2,7339 0))

((0 -0.3420 -0,9397) ( 2.2915 --2.7339 0))
((0 -0.3420 -0,9397) (-.2.2915 -2,.7339 0))
((0 0.3420 -0.9397) (-2.2915 -2.7339 OHM))
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((equal leg-name 'legS)
(setf sixteen-footholds

'((-4.0 4.3) (-4,0 3.3) (-4.0 2.3) (-4.0 1.3)
(-5.0 4.3) (-5,0 3.3) (-5.0 2.3) (-5.0 1,3)
(-6.0 4.3) (-6.0 3.3) (-6.0 2.3) (-6.0 1.3)
(-7.0 4.3) (-7.0 3.3) (-7.0 2.3) (-7.0 1.3)))

(setf four-lines
'(((0 0,3420 -0.9397) (-3.3332 2,7339 0))

((0 -0.3420 -0.9397) (-3.3332 2.7339 0))
((0 -0.3420 -0.9397) (-7.8332 2.7339 0))
((0 0.3420 -0.9397) (-7.8332 2.7339 0)))))

((equal 10o-name 'leg6)
(setf sixteen-footholds

'((-4.0 -4.3) (-4.0 -3.3) (-4.0 -2.3) (-4.0 -1,3)
(-5.0 -4.3) (-5.0 "-3,3) (-5.0 -2.3) (-5.0 -1.3)
(-6.0 -4.3) (-6.0 -3ý3) (-6.0 -2.3) (-6.0 -1.3)
(-7.0 -4.3) (-7.0 -3.3) (-7.0 -2.3) (-7.0 -1.3)))

(set! four-lines
'(((0 0.3420 -0.9397) (-3.3332 -2.7339 0))

((0 -0.3420 -0.9397) (-3.3332 -2,7339 0))
((0 -0.3420 -0.9397) (-7.8332 -2.7339 0))
((0 0.3420 -0.9397) (-7.8332 -2.7339 0)))))

(bete tkm-oalculator (send owner :tkm-calculator))

(detmethod (foothold-finder: :ind-,foothold)
(H6 iny-HE body-trane-rate10 body-:otate-rate1C

estimated-support-plane)
) returns ((max-foothold max-tkm) (foothold-list) (thim-list))
; all points are wpt body coordinate system.

(let* ((estimated-support-plane-wrt-body
(plane-trAnsformestimated-supporl-plane H6))

(four-points (send self
:four-points-on-support-plane
four-lines estimated-support-plane-wrt-body))

(possible-footholds (send self
:get-possible-footholds
(send self

:esitimatm-footholds
four-points *stLmated-suPport-plane-wrt-body)

HE inv-ME)))
(send self

iget-foothold-with-max-TKt
possible-tootholds H6
body-trans-ratelO 1)ody-rotate-ratelO)))

foothold-finderfind-foothold
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(dofmothod (foothold-finder :estirnate-tootholds)
(tour-points-wrt-body estimated-support-plane-wrt-bcdy)

returns estimate-footholds-wrt-body
(do* ((ootholds sixtejn-footholds (cdr footholds))

(out-footholda nil)
(a-foothold nil))

((null footholds)
(get-points -on-support-plane out -footholds est irated-support -plane -wrt -body))

(setf a-foothold (car footholds))
(if (in-side-oi-polygon a-foothold

(pick-two-dimensions four-points-wrt-body))
Csetf out-footholds (eons &-foothold out-footholds) )'fl

(degmethod (foothold-finder :four-po...nts-on-support-plane)
(tour-lines .stimatvd-3upport-plane-wrt-body)

; returns four points which are intersected by four-linws on
; estimated-support-plane-wrt-body
t math lib: plant-intersect.ion

(do* ((lines four-lines (edr lines))
(points nil))

((null lines) points)
(sett points (coons (plane-intersection (car :.inez)

eat irated-support -plan.-wrt-body)
points) )))

(dafrnethoo (foothold-finder iqet-foothold-with-max-TM)
(possible-footholds H4

body-trans-rate body-rotate-rate)
returns ((max-foothold max-tkm) (foc thold-list) (tm-list))

isets no-cell-available-flog
real-footholds is really possible footholds

(do ((foothclcds possible-footholds (cdr footholds))
(max-foothold iril) (a-foothold nil) CTK-list nil) (a-TKM nil)
(real-footholds nil) (max-TKM -100.0))

((null footholds)
(setf no-cell'-available-flag (-4 max-TIQ4 TK4-margin))
(if (>- mix-TKM TKM-margin)

(make -output - forir
max-foothold max-TKM real-gootholds TKM-list H)

nil))
(3etf &-foothold (car footholds))
(sett a-TKH (send tkru'.-calculator :find-tkm

*-foothold body-trans-rate body-rotate-rate))
(If a-TKM

(prog~n (setf TKZ4-list (cons a-TKb¶ TLI-llst))
(setf real-foottlolds (cons s-foothold real-fvotholds))
(if (> M-T10 max-TIt4)

(pzroqn iset! max-TY'H a-,KM)
lietf max-foothold a-foothiold)))))

(detmotnod (foothold-finider :get-p,)~'_,sse-focthol,1s)
(estimated-foctholds H mnv-H)

r-turns ponsible-footholds wrt boay
(co-body-transform iijv-H

(send 3elf :tind-possa.ble-fcotnolds
(to-earth-tranisforrnm i estlmated-foothcl.ds))
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i foothold-finder.eatimate-foothold

(defun check-polarity (pointl point2 point3)
(let* ((veetl (vectsub point? pointl))

(vect2 (veotaub point3 pointi)))
(if (not (third vectl))

(progn (Seatf vectl (reverse (cone 0 (reverse vectl))))
(setf vect2 (reverse (cons 0 (reverse vect2))))))

(crossprod veot2 vect2)))

(defun get-points-on-support-plane (points estimated-suppmrt-plane-wrt-body)
; returns intersection points with support plane in z-body direction.
; math lib: plane-intersection

(do* ((points points (cdr points))
(out-points nil))

((null points) out-points)
(setf out-points (cons (plane-intersection

(make-line-to-get-point-on-support-plane
(car points))

e*timaaed-aupport-plane-wrt-body) out-points)))

(defun in-side-of-polygon (a-point polygon-points)
polygon-points must be convext-polygon and in order G two dimensional points.
(do* ((first-points polygon-points (cdr first-points))

(second-points (reverse (cons (car first-points)
(reverse (cdr first-points))))

(cdr second-points))
(signs nil) (first-point nil) (second-point nil))

((null fir3t-points) (same-polarity signs))
(setf first-point (car first-points))
(setf second-point (ca second-points))
(setf signs (cons (checx-polarity first-point second-point a-point)

signs))))

(defun make-lino-to-get-point-on-support-plane (a-point)
a-point is ttio dimensional point.
returns a-lino ((z-direction) (a-point -100))
(list '(0 0 1) (list (filst a-point) (second a-point) -100)))

(defun pick-two-dimensions (points)
(if (listp (first points))

(do* ((point- points (cdr points)) more than one point case
(a-point nil)
(out-points nil))
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((null. points) out-points)
(3stf a-point (car points))
(setf out-points (coons (list (first &-point) (second &-point))

out-points)))
(list (first potnts) (second points)))) ; one point case

(defun earns-polaxity (signs)
(do ((signs (cdr signs) Jcdr signs))

(first-sign (plusp (third (car signs))))
(same T))

((null signs) same)
(if (not (equal first-sign (plusp (third (car signs)))))

(setf same nil))))

ifoothold-finderc. find-foothold-get-foothol.d-with-MAX-tkm

(defun make-output-form
(max-foothold max-TKZ4 possible-footholds 7KM-list H)

t output-J~orm, : ((toothold-with-max-tk~m tkm)
(leg-projected-permitted-footholds)

;output footholds are in earth coordinate.
)math lib : to-earth-transform

(list (list (to-earth-transform H max-foothold) max-TKM)
(to-earth-transform H possible-footholds)
TKM-li3t))

:foothold-tinder.select-foothold.get-possible-foothold

(defnuetho)d (foothold-finder :find-possible-footholds)
(eat imiated-footholds-wrt -earth)

returns possible-footholds-wrt-earth
graph-terrain is object.
(do* ((footholds estimated-footholds-wrt-earth (cdr footholds))

(a-foothold nil) (t-cell nil) Cout-f')otholds nil))
(Cm~li footholds) (ianiq, 4e-footholds-only out-footholds))

(sett *-foothold (car footholds))
(setf t-cell (get-canter-ot-,digitized-terzain-cell a-foothold))
(setf out-footholds

* ~(con& (list (+ (fi.rst t-nell) 0.5)
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(+ (second t-cell) 0.5)
0.0) out-footholds))))

(if (send owner :permitted-cell t-cell)
(setf oat-footholds

(cons (s',nd owner :terrain-point t-cell)
out-fcotholds)))))

(defun get-center-of-digitibed-terafLn-cel. (&-foothold)
i cell resolution is I foot by I foot

(list (+ (floor (first a-foothold)) 0.5)
(+ (floor 0(second 'a-foothold)) 0.5)))

(defun unique-footholds-only (mixed-footholds)
(do* ((footholds mixed-footholds (odr footholds))

(out-footholds nil)
(a-foothold nil))

((null footholds),out-footholds)
(setf a-foothold (car footholds))
(if (not (member a-foothold out-footholds iteat 'equal))

(setf out-footholds (cons a-foothold out-footholds)))))
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Mode:Commcn-Lisp: FACkage:tJSER; BA3e:lO-*

low level graph routines

(dI a rbtdmlywno*nl

(defvar *robot-display-window*ary nil )
(detvar *robot-widiaplynil)o.ara*nl

(defvar *robot-window-array* nil)
(defvar *robot..window..width* nil)
(defvar *rebot-.window..heig)ht* nil)
(defvar *terrain-buffer* nil)
(defvar *terrain-buffer-array* nil)
(defvar *max-y* nil)
(defvar *start-.point* nil)
3T
(defvar *xs* (make-array 2))
(defvar *ys* (make-array 2))

(defun copy-tterain-to-robot-window C
(tv :sheet-foroe-aooess (*robot-window*)

(send *robotftwindow* :bitblt
tvt alu-ior *rbtwndwwdh *robot-window-height*
*terrain-bufteo..array* 2 2 0 0))

(defun draw-to (&-point &-window)
iglobal variables z *start-point*
(tv:sheet-force-access (a-window)

(send a-twindow ':draw-line (first *start-point*)
(- *max..y* (second *atart-point*))
(first a-point)
(-. *max.y* (second a-point)) tv:alu-ior))

(setq *Itart..point* a-point))

(defun draw-to-d (a-point a-window)
iglobal vaziables : *start-point*
(tv: sheet-force-access (a-window)

(setf Caret *xs* 0) (4. 4 (first *start-Point*M)
(sotf Caret *xs* 1) (4. 4 (first a-point)))
(setf (aret kys* 0) (4. 4 (f- *max-y* (second *start..point*))))
(setf Caret *ys* 1) (4. 4 (- *max..y* (second &-point))))

(send a-window :draw-wide-curve *xs* tya* 2))
(setq *atart-point* &-point))

(defun erase-fto (a-point a-window)
global. variab~les : *start-point*
(tv.,shiset-forcao-access (a-window)
(send a-twindow ' :draw-.'.ine (first *start-point*)
(- *max-y* (second *start-point*))
(first a-point)
(- *flax..y* (second a-point)) tv:alu-andcaj)

(setq *start..point* a-point))
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(defun get-keyboard-inputoC
;This is not for the graphics, but this function uses Zeta LISP.
;This is the reason why this function is in Zeta graphic package.
(send 'terminal-io' :tyl-no-hang))

(defun make-robot-window (
(setq 'robot-display-window* (tvsmake-window

'tv:window
iblinker-p nil
aposition 1 0 0)
: width *soreen-width*
:height (truncate (* 0.8 'uoreen-heiqht'))
-borders 2
tlabel "robot-display-window"
tname "robot-display-window"
;save-bits t
e~xpose-p t))

(let* (Cr-v (send *robot-display-window' :width))
(r-h (send *robot-display-window* :height))
(r-x nil) Cr-y nil))

(multiple-value (r-x r-y) (send *robot-,display..window* tposition))
(setq 'robot-window' Ctv:make-window

tvtwindow
:position (list r-x r-y)
iwidth r-w
theight r-h
:blinker-p nil
:borders 2
:label "robot-window"
:name "robot-window"t
2 save-bits t
eOxpose-p, nil))

Csetq 'terrain-buffer' (t.v:make-window
'tv window
:pouition (list r-x r-y)
:width r-w
:height r-h
.blinker-p nil
:borders 2
2:label "terrain-buffer"
,name "terrain-buffer"
tsave-bits t
:expose-p nil))

(eetq *max.y* (send 'robot-window' :inside-hoight)))
(setq 'robot-display-window-array' (send 'robot-display-window' :bit-array))
(setq *robot-window-array* (send 'robot-window' :bit-array))
(setq 'robot-window-width' (send 'robot-window* :inside-width))
(setq *robot-window-height' (send 'robot-window' : inside-hesight))
(setq 'terrain-buffer-array' (send 'terrain-buffer' :bit-3rray)))

(defun make-visible 0)
(send *robot-display-window* :bitblt
tv:alu-seta 'robot-window-width' *robot-window-height'
'robot-window-array' 2 2 0 0))
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* (defun move-to (&-point)
;global variables :*start-point*
;This function just changes *start-point*.
(aetq *atart-point* a-point))

(defun save-terrain-to-torrain-buffer (
(tv:aheet-force-aeoess (*terrain-buffer*)

(send *terrain-buffer* :bditblt
tv: alu-seta *robot-window-width* *robot..window..height*
*robot..window-azray* 2 2 0 OM)

(defun clear-robot-window (
(tv: sbeet-foxoe-aooess (*robot-window*)

(send *robot-window* tolear-window)))

(defun mi~ddle-oi-robot-window ()
(list UI (send *robot-window* tinside-width) 2)

UI (send *robot-window* :inside-height) 2)))

(defun kill-robot-tearuin-windowso(
(send *robot-display-wdindow* : kill)
(send *robot-window* :kill)
(send *terrain-buffer* :kill))
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-- Mode; Cozrmmon-Lisp; Saae:10

i H-calculator definition

(defflavor H-calculator((sampling-time 0.1) H4
old-H)

:initable-instance-variables)

(dofmethod (H-calculator :initti)

library fucntion : ident
(setf H (ident))
(setf (aref H 0 3) 6.5)
(setf (aref H 2. 3) 1.9.5)
(sett (aref H 2 3) 5.4)
H)

(detmethod (H-calculator :now-H)
(body-trans-rato body-rotate-rate)

(aetf H
(orthogonalizat ion

(get-new-H
H
(get-del-H
H
(get-delta body-trans-rate body-rotate-rate sampling-time))))))

(defmethod (N-calculator :save)

(sett old-H H))

(detmethod (H-calculator :restc:ýe)

(aetf H old-H))

H-calculator.fnew-H

(defun get-delta (body-trans-rate body-rotate-rate sampling-time)
(let* ((del-trans-x (* (first body-trans-rate) sampling-time))

(del-trana-y (I (second body-trans-rate) oampling-tirne))
(del-trans-z (' (third body-tcans-rate) sarnpli.ng-time))
(del-rotate-x ((first body-rotate-rate) sampling-time))
(del-rotate-y (k (second body-rotate-rate) sampling-time))
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(del-rotate-z (* (third body- rotate -rate) aamp2.ing-ti.me))
(list (list del-trans-x del-trans-y del-trana-z)

(list del-rotate-x dsl-rotate-y d.2.-rotato-z))))

(defun get-del-H (H delta-trans-rotate)
i math lib : ident
(let* ((H-del (ident)) iinitialze identity nmatirix

(delta-trans (first deltia-trans-rotatea))
(delta-rotate (second delta-trans-rotatis)))

(setf (aref H-del 0 0) 0)
(setf (aref H-del 1 0) (third delta-rotate))
(setf (arst H-del 2 0) (-(second delta-rotate))
(aetf (aref H-del 0 1 ) (- third delta-rotate))
(aetf Caref H-del 1 1) 0)
(setf (aref H-del 2 1) (first delta-rotate))
(satf (aref H-del 0 2) (second delta-rotate))
(setf (aref H-del 1 2) (- (first delta-rotate))
(satf (aref H-del 2 2) 0)
(Setf (aref H-del 0 3) (first delta-trans))
(setf (aret H-del 1 3) (second delta-trana))
(uetf (rate H-del 2 A3) (third delta-trana))
(sotf (aref H-del 3 3) 0)
(matixmwult H H-del))

(defun get-new-H (H del-H)
(mat rixadd H del-H))
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it: -*- •odeýCommon-Lisp; Base:.0 -*-

i leg flavor definition

(defflavor lge (name owner plan-machine control-machine
executor contact-sensor tkm-calculator
foothold-finder exchanged-leg
foothold tkwm foothold-list tkm-list tkm-p
reserved-foothold reserved-tkm)

()
tinitable-instance-variables
:gttabla-instance-variables)

(dafmethod (leg :initti)
(H)

(esa contact-aenisor (make-instance 'contoct-sensor iowner self))
(setf executor (make-instance 'executor towner self))
(sotf control-machine (make-instance 'oontuol-state-machine :owner self))
(setf plan-machine (make-instance 'plan-state-machine :owner self))
(setf tkm-calculator (make,-instance 'tkm-calculator :owner self))
(setf foothold-finder (make-instance 'foothold-finder iowner self))
(setf foothold (send exeoutor :Anitti name Hi)
(send contact-sensor :initt:L name)
(send control-machine Ainitti name)
(send plan-machine :initti name)
(send tkm-calc%lator :initt. name)
(send foothold-finder :initti name))

(defmethod (leg :contact-confirm)
4)

(send contact-sensor :contact-p))

(defmeathod (leg :do-planned-motion)
4)

(send plan-maehine :change)
(send control-machine ichange)
(send executor :move (send owner :get-Hl) (send owner :get-inv-Hl)

(send owner :get-body-trans-ratel)
(send owner :get-body-rotate-ratel))

(send contact-sensor :sensing))

(defm6thod (leg :get-Hl)
• _() I

(&end owner :get-Hl))

(defmeothod (leg :has-fcothuld-p)

foothold)
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(dafmeathod (leg :interlock-confirm)

may add Mtable-withoutp self ,
(if (send exchanged-leg :contact-confirm)

t
nil))

(detmethod (leg :leg-pos-wrt-body)C)
(send executor :leg-pos-wrt-body))

(defmethod (leg ilift-able)
C)

(if (equal (send plan-machine :state-name) 'eligible-to-lift)
self
nil))

(defmethod (leg :lift-ok)()
(send owner :lift-ok name))

(dafmeathod (leg :lifted)()
(send owner ilifted name))

(defmethod (leg :new-foothold)
C)

(cond ((car foothold-list)
(send self :set-max)
t)

(t
nil)))

(defmathod (leg :permitted-cell)
(t-cell)

(send owner :permitted-cell t-oell))

(defmethod (leg :plac"-able)()
check plan state as wall, as foothold for the log
(if (equal (stind plan-machine :state-name) 'available-leg)

self
nil))

{defmzthod (leg :projected-pos)
C)
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(send executor :get-desired-pos,))

(deftethod (leg :select-foothold)
0)

.Iout-libt;, ((max-foothold rnax-tkzm) (foothold-list) (tkn~-list))
(let* ((H4 (send owner :get-HO))

(inv-H (send'owntir iget-inv-6)p
(body-trans-rate (send owner :get-body-trans-ratel0))
(body-rotata-ratc (send owner :get-body-rotate-rateP.O))
(eat imated-support-plane

(send owner :get-estirra~ted-support-plane))
(out-libt

(senld toothold-finder a find-foothold
H inv-H body-trans-rate body-rotate-rate
estinmated-support-planeM)

(setf foothold (first (first cut-list)))
(setf reserved-foothold foothold)
(setf t~km (second (first out-list)))
(setf reserved-tkm tkm)
(sett foothold-list (secon~d out-list))
(setf tkxm-list (third out--list))))

(defmethod (log :send-deoiuion)
(&-decision)

(send plan-rmachinis :send-decision a-decision)

i(defnmethod (leg aeond-decision :after)
(a-decision)

(if (equal a-decision 'place)
(@end executor :set-desired-pos foothold)))

(deftethod (leg :send-exchange)
(a-leg)

(setf exchanged-leg a-leg))

(deftethod (leg s3et-max)

(do ((footholds (edr foothold-list) (cdr footholds))
Wtkns (odr tkm-list) (cdr tkms) )
(max-foothold (car foothold-list))
(Max-tkzn (oar tkmi-list))
(out-footholds) (out-tkins))

((null footholds)
(setf foothold max-foothold)
(metf tkzn rax-tkrn),
(setf foothold-list out-footholds)
(setf tkmn-list out-tkms))

(cond ((>. (car Otma) max-tkm)
(aetf max-foothold (car footholds))
(setf max-tkm (car tkmsf))

(t
(sett out-footholds

(cons (car footholds) out-footholds))
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(Setf out-tkrms

(cons (car tkms) out-tkM3))))))

(defmnethod (leg :stable-without-p)

(send owner istable-without-p self))

(defmothod (leg isupporting)

(cond ((equal (send plan-mach.ine istate-name) 'planned-contact)
self)

((equal. (send plan-machine istate-name) 'eligi.ble-to-lift)
self)
(t nil))

(defmethcd (leg isupporting-p)

(cond ((equal (send conritol-machine ietate-name) 'contact)
self)

((equal (send control-machine istate-name) 'support)
self)
(t nil))

(dafmethod (leg iterrain-point)
(t-cell)

(send owneri terrain-point t-call))

(clefinthod (leg :TKM-limit)

(cond ((null tkxn)

I(< tkrm 0.1)
self)

(t
nil))

(dofmothod (leg :TKM-limit-p)
0)

(cond ((null tkm-p)
self)

((< tkxn-p 0.5)
self)
(t nil))

(defmathod (leg :update-tkm)
0)
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(lot ((body-trans-rate (send owntr sget-lbody-tans-ratelO))
(bcdy-rotate-rate (send owner :get-body-rotate-ratelO))
(inv-H (Bend owner :get-i.nv-H2.0))

(aWt tkm (send tkm-calculator :tind-tkm
(to-body-transform inv-H foothold)
body-trans-rate body-rotate-rate)))

(defmathod (leg :update-tkzm-p)

(let ((ody-t~rans-rate-p (send owner iget-body-trane-ratel))
(body-retate-rate-p (send owner :get-body-rotate-ratel))
(iriv-H-p (Bend owner :get-inv-Hlfl

(setf tkm-p (send tkm-calculator :find-tkm
(to-body-transform inv-H-p foothold)
body-trans-rate-p body-rotate-rate-p)))

(deatmethod (leg iwith-foothold)

(cond (reserved-foothold
(setf foothold reserved-foothold)
(setf tkrn reserved-tkm)'
self)

(t rnilMl
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I;; -*" Mode:Common-Lisp; Package:USER; Fase:10 -*-

robot math library

(defun are-cos (a)
(acoe 8))

(defun col-mul(mat cell col2)
(let ((sum 0))

(dotimes (i 4)
(setf sum (+ sum (* (aref mat i cell) (aref mat i col2)))

sum))

(defun counting(a-list)
(do ((a-list a-list (cdr a-list))

(i 0 (+ i 1)))
((null a-list) L)))

(defun crossprod (vectl vect2)
(let* ((xl (first vectl)) (x2 (first vect2))

(yl (second vectl)) (y2 (seuond vect2))
(Zl (third vectl)) (z2 (third vect2))(x - *yl z2) y* 2 zl)))
(y (- (* x2 zl) (* xL z2)))
(z (- (* xl y2) (* x2 yl)))

(list x y z)))

(defun delete-list (a-list b-list) delete a-list from b-list
(do ((deleting-list a-list (cdr deleting-list))

(deleted-list b-list))
((null deleting-list) deleted-list)

(setf deleted-list (remove (car deleting-list)
deleted-liat :test 'equal))))

(detmacro dequeue (queue)
I(progl (car ,queue)

leetf ,queue (cdr ,queue))))

(defun dotprod (vectl vect2)
No dimension limitation !!!
(apply '+ (mapcar '* vectl vect2)))

(defmacro enqueue (queue-name element)
globals : queue-•riam

I " MI I' I I
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Value of recover field of command is a list.
Two recover command is possible for one sampling-time.
structure of QUEUE : (first second third ... last)

S(setq ,queue-name (noons ,queue-name (list ,element))))

(defmacro empty-queue (queue)
'(setq ,queue '0))

(defun ident()
(make-array ' (44) :initial-oontents

' ((10 0 0)
(0 1 0 0)
(0 0 1 0)
(0 0*0 M))))

(defun magnitude (a-vector)
(sqrt (dotprod a-ve*ctor a-vector)))

(deofun magvect (conat vect)
magvect - Const * vect
(mapoar #' (lambda (a-element)

(* con•t a-element'))
vect))

(defun matrixadd (mtl mt2)
(let ((mt3 (ident)))

(dotimes (i 4)
(dotimes (j 4)

(setf (aref mt3 i j) (+ (aref mtl i j) (aref mt2 i j)))
mt3) )

(defun matrixinv (mat)
(let ((px (- (col-mul mat 0 3)))

(py (- (col-mul mat 1 3)))
(pz (- (col-mul mat 2 3)))
(matrix (transpose mat)))

(saet (aref matrix 3 0) 0) (setf (aref matrix 3 1) 0)
(setf (aref matrix 3 2) 0) (setf (arat matrix 3 3) 1)
(sets (aref matrix 0 3) px) (setf (aref matrix 1 3) py)
(aetf laref matrix 2 3) pz)
matrix))

(defun matri-xmult (mtl mt2)
(let ((mat (make-array '(4 4)))) :it defines 0 through 3. (4 is not included)

(dotimas (i 4) will repeat i-0, 1, 2, and 3. (not 4)
(dotimes (j 4)

(setf (aref mat i J) 0) ; initialize to zero
(dotimes (k 4J

(set (aaret mat i J) (+ (aref mat i J) (k (aref mtl i k)
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(aref nt~2 kc~ll)

met))

(defull nil.-liat (a-list)
(do (Walist a-list (cdr a-list))

(not-til nil))

(if (car a-list)
(setf not-nil tOM)

(defun normalize-vector Ca-vector)
(lsit ( tm (magnitude a-vector))

(if (< m 0.0000001)
(list 0 0 0)

(dofun ortkhegonalizatioz: (nit)
iGram-Sohimit ort1hogonalization process

(let' ((mx (ident))
(tx (aref nit 0 3)) (ty (aref nit 2. 3)) Cta Caref nit 2 3))

(xl (aref mt 0 0)) Wx (aref nit 0 U)) W(3Caret nit 0 2))
Cyl Caref nit 2. 0)) (y2 Caret nit 1 1)) Cy3 Caref nit 1. 2))
(:1 (aref nit 2 0)) (z2 (aref mt 2 W) (z3 Caret nit 2 2))
(ml (magnitude (list xl yl 21))
(XI C/ xl MlW
Cyl U/ y1 ml)
(&I U/ 21 ml))
(a Cdotprod (list xl yl al) (list x2 y2 22)))
(x2 C-x2 (*a xl))
Cy2 C-y2 (*a yl)))
(U2 z-2 (*a 21))
(m.2 (magnitude (list x2 y2 :2)))
(x2 CU x2 m2))
(y2 U/ y2 m2))
(z2 UI z2 m2))

(3etf Caret mW 0 0) X1) Caetf Caref mx: 0 1.) x2) (setf Caref mx 0 2) x3)
(setf Caret mx 1 0) yl) Ciretf Caref mx 1 1) y2) (sett Caret mx 1 2) y3)
Cnetf Caret mx 2 0) z1) Csotf (aref mx 2 1) 02) (setf Caret nix 2 2) z3)
Csetf Caref mx 0 3) tx) Caetf Caret mx 1 3) ty) (setf Caret mx 2 3) tz)
mx))

(defun plane-transform ( plAna matrix
;TLlnsformed-Plane - Plane * Matrix
;plane is defined as H(ab c) d). (a bc) is unit normal. d in -(distance).
(let* ((new-a nil.)

(new-b nil)
(new-c nilý
(new-d nil)
Cold-unit-normal (car plane))
Cold-d (cadr plane))
(old-a& (first old-unit-normal))
Cold-b (second old-unit-normal)u
(,ld-c 'third old-unit-normal))
(nag nil))

(sotf new-A (+ (*old-a Caret matrix 0 0)) (*old-b (aret matrix 1. 0))
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(* old-c (aref matrix 2 0))))
(setf new-b (+ * old-a (aret matrix 0 1)) (* old-b (aref matrix 1 1))

* old-c (aref matrix 2 1)))
(se3tf new-c (+ • old-a (aref matrix 0 2)) (* old-b (aref matrix 1 2))

* old-c (aref matrix 2 2)))
(setf new-d (+ C old-a (aref matrix 0 3)) (* old-b (aref matrix 1 3))

* old-c (arat matrix 2 3)) old-d))
(setf mag (magnitude (list new-a new-b new-c)))
(if (< (abs mag) 0.0000001)

(print "Error in PlaneTransform")
(list (list (U new-a mag) (/ new-b mag) (/ new-c mag))

C/ new-d mag)))))

(defun plane-distance (plane velocity position)
; Plane (X -Q)N 0 , straig•it line X - P + tA.
; t w C Q - P )N / ( AN ) if A is normalized then t is signed distance.
i if t is infinitive then plane-distance returnee nil.
p plane-distance returns t.

(let* (CA (normalizo-vector velocity))
(N (first plane))
(dis (- (second plane)))
(Q (maqvect dis N)) ; magvect - conat * vector
(P position)
(QY (vectsub Q P))
(AN (dotprod A N))
(numerator (dotprod QP N)))

(if (< (abs AN) 0.0000001) no crossing
nil p returns nil
(/ numerator AN))))

(defun plAno-intersection (a-line a-plane)
; a-line ((direction) (point)) X - P + tA.
; a-plane ((unit-normal) -dist) (X - Q)N - 0.

(let* ((velocity (normalize-vector (first a-line)))
(position (second a-line))
(t-value (plane-distance a-plane velocity position)))

(if t-value
(vectadd. position (magvect t-value velocity))
nil)) ; no intersection

(defun plane-normal-distance (a-plane a-point)
; vector-type-plane (a b c d)
; paul-type-point traneposo(x y z 1)

(let* ((unit-normal (first a-plane))
(dis (second a-plane))
(vector-type-plano (reverse (cons dis (reverse-unit-normal))))
(paul-type-point (reverse (cons 1 (reverse a-point)))))

(dotprod' vector-type-plane paul-type-point)))

(defun rotatemat(axis angle) ; array index starts from 0 not 1.
return rotatematrix angle :radian axis : x y or z
(let ((mat (ident))
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(cosa (cos angle))
(sine (sin angle)))

(case axis
(x-axis

(setf (aref mat 1 1) cosa) (setf (aref mat 1 2) (- sins))
(setf (aref mat 2 1) sina) (setf (aref mat 2 2) con&))

(y-axis
(setf (aref mat 0 0) cosa) (setf (aref mat 0 2) sina)
(setf (aref mat 2 0) (- sins)) (setf (aref mat 2 2) Cosa))

IM-axis
(serf (aree mat 0 0) cosa) (setf (aref mat 0 1) (- sins))
(setf (aref mat 1 0) sina) (serf (aref mat 1 1) cosa)))

mat)) i returns this value.

(defun to-body-transform (inv-H points-wrt-earth)
returns points-wrt-body
(if (listp (first points-wrt-earth)) i test multi-points

(do ((points points-wrt-earth (cdr points)) ; multi-points case
(out-points nil))

((null points) (reverse out-points))
(setf out-points (cons (transform inv-H (car points)) out-points)))

(transform inv-H points-wrt-earth))) i single point case

(defun to-earth-transform (H points-wrt-body)
returns points-wrt-earth
(if (listp (first points-wrt-body)) ; test multi-points

(do ((points points-wrt-body (odr points)) ; multi-points case
(out-points nil))

((null points) (reverse out-points))
(setf out-points (cons (transform H (car points)) out-points)))

(transfom H points-wrt-body))) i single point case

(defun transform(mat point) ; array index starts from 0 not 1.
(let ((x (car point))

(y (cadr point))
(z (if (caddr point) (caddr point) 0)))

(list (+ (* x (aref mat 0 0)) (* y (aref mat 0 1)) (* z (aref mat 0 2))
(aref mat 0 3))

(+ (* x (aref mat 1 0)) (* y (aref mat 1 1)) (* z (aref mat 1 2))
(aref mat 1 3))

(+ (* x (aref mat 2 0)) (* y (aref mat 2 1)) (* z (aref mat 2 2))
(aref mat 2 3)))))

(defun transmat (x y z)
returns translational marix
(let ((matrix (ident)))

(setf caref matrix 0 3) x)
(set (Caret matrix 1 3) y)
(setf (aref matrii 2 3) z)
matrix))

(defun transpose (mat)
(let ((matrix (make-array ' (4 4))))
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(dotimnes (i 4)
(dotiMes Ci 4)

(Setf (Arof matrix 1 j) (aref mat
matrix))

(defun unit-crosaprod (vecti vect2)
generate unitnormal vector of vecti. X vect2
C1.t* ((xl (first vectl)) Wx (first voet2))

(yl (second veotl)) (y2 (second veot2))
Col (third vectl)) (z2 (third veot2))
(x -C'yl :2) C'y2 z1)))
(y ((*x2 z1) (xl O2)M
(z ((*xl y2) C'x2 yl))
Cm (aqvt (+ (* x x) (* y Y) z' WM)))

(list (/ x M) U, y M) U/ 2 MM)f

(defun vectadd (veoti. vepct2)
vectaub - veot2. + vact2
no limit in dimension
(mapoar I+ vectl veot2))

(defun vectaub (veat2. vect2)
vaotaub *veoti - veot2
no limit in dimension
(mapoer '-vectl veot2))
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I;; -"- Mode:Cornron-Lisp; Base:10 -*-

overlap-foothold-finder definition

(defflavor overlap-foothold-finder (adjacent-leg-numbers)
(foothold-finder)

:initable-instance-variables)

(defmethod (overlap-foothold-finder iinitti)
(leg-name)

(cond ((equal leg-name 'legl)
(setf adjaoent-leg-numbers ' (3))
(setf sixteen-footholds

'( 9.0 4.3) ( 9.0 3.3) ( 9.0 2.3) 9.0 1.3)
8.0 4.3) ( 8.0 3.3) ( 8.0 2.3) 8.0 1.3)
7.0 4.3) ( 7.0 3.3) ( 7.0 2.3) 7.0 1.3)
6.0 4.3) ( 6.0 3.3) ( 6.0 2,3) 6.0 1.3)
5.0 4.3) ( 5.0 3.3) C 5.0 2.3) 5.0 1.3)
4.0 4.3) ( 4.0 3.3) ( 4.0 2.3) ( 4.0 1.3)
3.0 4.3) ( 3.0 3.3) ( 3.0 2.3) ( 3.0 1.3)))

(setf four-lines
'((CO 0.3420 -0.9397) C 9.5 2.7339 0))

((0 -0.3420 -0.9397) ( 9.5 2.7339 0))
((0 -0.3420 -0.9397) C 2.5 2.7339 0))
((0 0.3420 -0.9397) C 2.5 2.7339 0)))))

((equal leg-name 'leg2)
(aetf adjacent-leg-nubebra ' (4))
(aetf 3ixteen-footholds

(( 9.0 -4.3) 9.0 -3.3) ( 9.0 -2.3) ( 9.0 -1.3)
8.0 -4.3) 8.0 -3.3) ( 8.0 -2.3) C 8.0 -1.3)
7.0 -4.3) 7 70 -3.3) ( 7.0 -2.3) 7.,0 -1.3)
6.0 -4.3) 6.0 -3.3) ( 6.0 -2.3) C 6.0 -1.3)
5.0 -4.3) 5.0 -3.3) ( 5.0 -2.3) ( 5.0 -1.3)
4.0 -4.3) C 4.0 -3.3) ( 4.0 -2.3) ( 4.0 -1.3)
3.0 -4.3) ( 3.0 -3.3) ( 3.0 -2.3) C 3.0 -1.3)))

(setf four-lines
'(((0 0.3420 -0.9397) ( 9.5 -2.7339 0))

((0 -0.3420 -0.9397) ( 9.5 -2.1339 0))
((0 -0.3420 -0.9397) ( 2.5 -2.7339 0)h
((0 0.3420 -0.9397) ( 2.5 -2.7339 0)))))

((equal leg-name 'leg3)
(setf adjacent-leg-numbers '(1 5))
(aetf sixteen-footholds

3.0 4.3) ( 3.0 3.3) ( 3,0 2.3) ( 3.0 1.3)
2.0 4.3) ( 2.0 3.3) ( 2.0 2.3) ( 2.0 1.3)
1.0 4.3) ( 1.0 3.3) 1.0 2.3) ( 1.0 1.3)
0.0 4.3) ( 0.0 3.3) 0.0 2.3) C 0.0 1.3)

(-1.0 4.3) (-1.0 3.3) (-1.0 2.3) (-1.0 1.3)
(-2.0 4.3) (-2.0 3.3) (-2.0 2.3) (-2.0 1.3)
(-3.0 4.3) (-3.0 3.3) (-3.0 2.3) (-3.0 1.3)))

(sa.tf four-lines
'(((0 0.3420 -0.9397) ( 3.5 2.7339 0))

((0 -0.3420 -0,9397) C 3.5 2.7339 0))
((0 -0.3420 -0,9397) (-3.5 2.7339 0))
((0 0.3420 -0.9397) (-3.5 2.7339 0)))))

((equal leg-name 'leg4)
(setf adjacent-leg-numbers '(2 6))
(setf sixteen-footholds

'(( 3.0 -4.3) ( 3.0 -3.3) ( 3.0 -2.3) ( 3.0 -1.3)
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2.0 -4.3) ( 2.0 -3.3) ( 2.0 -2.3) ( 2.0 -1.3)
1.0 -4.3) ( 1.0 -. 3,3) ( 1.0 -2.3) ( 1.0 -1.3)
0.0 -4.3) ( 0.0 -3-3) ( 0.0 -2.3) ( 0.0 -1.3)

(-1.0 -4.3) (-1.0 -3.3) (-1.0 -2.3) (-1.0 -1.3)
(-2.0 -4.3) (-2.0 -3.3) (-2.0 -2.3) (-2.0 -1.3)
(-3.0 -4.3) (-3.0 -3.3) (-3.0 -2.3) (-3.0 -1.3)))

(setf four-lines
'(((0 0.3420 -0.9397) ( 3.5 -2.7339 0))

((0 -0.3420 -0,9397) ( 3.5 -2.7339 0))
((0 -0.3420 -0.9397) (-3.5 -2.7339 0))
((0 0.3420 -0.9397) (-3.5 -2.7339 0)))))

((equal leg-name 'legS)
(set' adjacent-leg-numbers ' (3))
(set; sixteen-footholds

'((-3.0 4.3) (-3.0 3.3) (-3.0 2.3) (-3.0 1.3)
(-4.0 4.3) (-4.0 3.3) (-4.0 2.3) (-4.0 1.3)
(-5.0 4.3) (-5.0 3.3) (-5.0 2.3) (-5.0 1.3)
(-6.0 4.3) (-6.0 3.3) (-6.0 2.3) (-6.0 1.3)
(-7.0 4.3) (-7.0 3.3) (-7.0 2.3) (-7.0 1.3)
(-8.0 4.3) (-8.0 3.3) (-8.0 2.3) (-8.0 1.3)
(-9.0 4.3) (-9.0 3.3) (-9.0 2.3) (-9.0 1.3)))

(aetf four-lines
'(((0 0.3420 -0.9397) (-2.5 2.7339 0))

((0 -0.3420 -0.9397) (-2.5 2.7339 0))
((0 -0.3420 -0.9397) (-9.5 2.7339 0))
((0 0.3420 -0.9397) (-9.5 2,7339 0)))))

((equal leg-name 'leg6)
(setf adjaoent-leg-nuxmbers '(4))
(setf saixteen-footholds

'((-3.0 -4.3) (-3.0 -3.3) (-3.0 -2.3) (-3.0 -1.3)
(-4.0 -4.3) (-4.0 -3.3) (-4.0 -2.3) (-4.0 -1.3)
(-5.0 -4.3) (-5.0 -3.3) (-5.0 -2.3) (-5,0 -1.3)
(-6.0 -4.3) (-6.0 -3.3) (-6.0 -2.3) (-6.0 -1.3)
(-7.0 -4.3) (-7.0 -3.3) (-7.0 -2.3) (-7.0 -1.3)
(-8.0 -4.3) (-8.0 -3.3) (-8.0 -2.3) (-8.0 -1.3)
(-9.0 -4.3) (-9.0 -3.3) (-9.0 -2.3) (-9.0 -1.3)))

(setf four-lines
'(((0 0.3420 -0.9397) (-2.5 -2.7339 0))

((0 -0.3420 -0.9397) (-2.5 -2.7339 0))
((0 -0.3420 -0.9397) (-9.5 -2.7339 0))
((0 0.3420 -0.9397) (-9.5 -2.7339 0)))))

(setf tkm-calculator (send owner :tkm-calculator))

(defmethod (overlap-foothold-finder :get-possible-footholds)
(estimated-footholds H inv-H)

; returns possible-footholds wrt body
t find-possible-footholds function tests obstacles

(to-body-trans form
mnv-H
(send self :get-rid-of-overlap

(send self :find-possible-footholds
(to-earth-transform H estinmated-footholds)))))

(defmethod (overlap-foothold-finder :get-rid-of-overlap)
(footholds-wrt-earth)
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(let* ((ajacent-legs
(mapcar

V~(lambda (leg-numn)
Osend owner :nth-leg leg-nuzn))

* adjacent-leg-numbers))
(adjacent-3.egs-in-poss ibis-interaction
(remove
nil
(rnapcar #'G(ambda (leg)

(if (send leg :Flaca-able) mno interaction
nil
log))

ajacenit-legs))))
(send self : remove-overlapped-foothold

footholds -wrt -earth
adjacerit-lega-in-possible-interaction)))

(detmothod (overlap-foothold-finder : remove-overlapped-foothold
(footholds-wrt-earth legs-in-possible-interaction)

(do ((lgs iegs-in-posaible-interaotion (cdr legs))
(out-footholds footholds-wrt-earth)
(oveitlap-foothold))

((null legs) out-footholds)
(setf ov~erlap-foothold (send (car legs) :foothold))
(setf out-footholds

(remove overlap-foothold
out-footholds
:test #' (lambda (xl x2)

(send self :overlap-p xl x2))

(defmethod. (overlap-foothold-finder :overlap-p)
(xl x2)

(let ((xl-integer (niapcar #'truncate x1)')
(x2-integer (mapoar 0'trunnate x2f))

(equal xl-integer x2-integer)))
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j;; -*- Mode:Common-Lisp; Base:10

overlap-leg definition

(defflavor overlap-leg ()
(leg)

(defmethod (overlap-lIg :initti)
(H)

(setf contact-sensor (make-instance 'contact-sensor :owner self))
(aetf executor (make-instance 'executor :owner sell))
(seotf control-machine (make-instance 'control-state-machine :owner self))
(setf plan-maohine (make-instance 'plan-state-machine :owrner self))
(setf tkm-calculator (make-instance 'overlap-tkm-caloulator :owner self))
(3etf foothold-finder (make-inatanoe 'overlap-foothold-finder iowne: self))
(•etf foothold (send executor tinitti name H))
(send contaot-sensor :initti name)
(send control-machine :initti name)
(send plan-machine :initti name)
(send tkm-oalculator :initti name)
(send foothold-finder :initti name))

(defmathod (overlap-leg :nth-leg)
(leg-num)

(saend owner inth-leg leg-num))

(defmethod (overlap-leg :foothold)
()foothold)
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;; -- Mode:Common-Lisp; Base:l0 -*-

overlap-robot definition

*************h****•******WWWWW*WWWW**WWWw**t*WWW*W******•*W*w*e*****

(defflavor overlap-robot()
(robot)

:initable-±nstance-variablej
:gettable-instance-variables)

(defmethod (overlap-robot :initti)

(send graph-asv :init-data)
(setf vision-system (make-instance 'vision-system :owner self))
(send vision-aystem tinitt!)
(setf joystick (make-instance 'Joystick))
(mend joystick ireset)
(empty-queue lift-queue)
(setf lift-flag t)
(leot ((H))

(setf body (make-insatance 'body :owner self))
(setf H (send body :initti))
(setf legs (list

(make-instance 'overlap-leg :name 'legl towner self)
(make-instance 'overlap-leg :name 'leg2 :owner self)
(make-instance 'overlap-leg :name 'leg3 iowner self)
(make-instance 'overlap-leg iname '1eg4 towner self)
(make-instance 'ovexlap-leg :name 'legs :owner self)
(make-instance 'overlap-leg :name 'leg6 :owner self)

(mapeoar V'(lambda (a-leg) (send a-leg tinitti H)) legs))

(defmethod (overlap-robot :nth-leg)
(leg-num)

; nth starts counting from zero.
; leg-num starts from one.

(nth (-ler-num 1) logs))

LM
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-*- Mode:Common-Lisp; Base:10 -*-

overlap-tkm-calculator definition

(defflavor over,\ap-tkm-calculatoe ()
(tkzn-calculator)

:initable-instance-variable s)

(dtfmethod (overlap-tkm-oaloulator :initti)
(log-name)

(cond ((equal leg-name 'legl)
(setf working-volume

((((0 0 1) 3,316) ((1 0 0) -9.5) ((0 0.9397 0 '4420) -2.569))
(((0 0 1) 5.7313) ((. 0 C) -2.5) ((0 0.9397 -0.•420) -2.569)))))

((equal leg-name 'leg2)
(setf wo king-volume

'((((0 0 1) 3.316) ((M 0 0) -9.5) ((0 0.9397 0.3420) 2.569))
(((0 0 1) 5.7313) (( 0 0) -2.5) ((0 0.9397 -0.3420) 2.569)))))

((equal leg-name 'leq3)
(setC working-volume

'((((0 0 1) 3.316) ((1 0 C) -3.5) ((0 0.9397 0.3420) -2.569))
(((0 0 1) 5.7313) (( 0 0) 3,5) ((0 0.9397 -0.3420) -2.569)))))

((equal leg-name 'leg4)
(zetf wcrking-volume

'((((0 0 1) 3.316) ((. 0 0) -3.5) ((0 0.9397 0.3420) 2.569))
(((0 0 1) 5.7313) ((1 0 0) 3.5) ((0 0.9397 -0.3420) 2.569)))))

((equal leg-name 'legS)
(aetf working-volume

((((0 0 1) 3.316) ((1 0 0) 2.5) ((0 0.9397 0.3420) -2.569))
(((0 0 1) 5.7313) ((1 0 0) 9.5) M(0 0.9397 -0.3420) -2.569)))))

((equal leg-name 'leg6)
(setf working-volumne

'((((0 0 1) 3.316) ((1 0 0) 2.5) ((C 0.9397 0.3420) 2.569))
(((0 0 1) 5.7313) (il 0 0) 9.5) ((0 0.9397 -0,3420) 2.569)))))
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;;t -*- Mode:Common-Lisp; Base:10

plan-state flavor definition

(defflavor plan-state ((decision nil) (observation nil) (command nil)
(conditIon nil))

(stnte)
:iinitau1le-±nstance-var ables)

(defmethod (plan-state :generate-command)
()

command)

(defmethod (plan-state :change)
(given-decision observed-state given-condition)

(cond ((and decision (listp decision))
(cond ((equal given-decision (first decision))

(first next-state))
((equal given-decision (second decision))
(second next-state))
(t self)))

(condition
(if (and (equal given-condition condition)

(equal observed-state observation))
next-state
self))(t

(cond ((equal observed-state observation)
next-state)

((equal given-decision decision)
next-state)

(t sel1)))))

plan-state-machinie flavor definition

(defflavor plan-state-machine ((decision nil) (observation nil)
(condition nil) (lift-ready-flag nil)
control-machine)

(state-machine)
:initable-instance-variablos)

(defmethod (plan-state-machine :initti)
(leg-name)

(if (member leg-name ' (legI leg4 leg5))
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(send self ;init-plan-machine 'eligik~le-to-li.ft)
(send self :init-plan-machine 'available-leg))

(setf control-machine (send owner :contrcl-machinef))

(defmet~hod (plan-state-machine :init-plan-machine)
4 a-state-name)

(let (available-leg planned-contact eligible-to-lift
plar~ned-lift actual-lift planned-exchange)

(betf actual-lift
(make-instance 'plan-state

:nar't 'actual-lift
.ob~. rvat ion 'ready
toormmnd 'recover-command))

(setf planned-lift
(make-instance 'Plan-state

:name 'Planned-lift :condition 'stable-without
:observation 'support
snext-state aotual-lift))

(setf planned-exchange
(make-instance 'plan-state

:name 'planned-exchange :condition 'interlock-confirm
:observation 'support
:next-state actual-lift))

(setf eligible-to-lift.
(make-instance 'plan-state

:name 'eligible-to-lift
idecision '(lift exchange)
:next-state (list planned-lift planned-exchange)))

(setf planned-contact
(make-instance 'plan-state

:name 'planned-contact :observation 'contact
:commnand 'deploy-commnand
:next-state eligible-to-lift))

(aetf available-leg
(make-instance 'plan-state

:name 'available-leg :deciuion 'place
:next-state planned-contact))

(send actual-lift :set-next-state available-leg)

(astf state (cond ((equal a-state-name (send available-leg :state-narne))
available-leg)

((equal a-state-name (send planned-contact :state-narne))
planned-contact)

((uquaI a-state-name (send eligible-to-lift ,state-name))
eligible-to-lift)

((equal a-state-name (send planned-lift :state-name))
planned-lift)
((equal a-state-Tiame (send planned-exchange :atate-namefl
planned-exchange)
((equal a-state-name (send actual-lift :state-name))
actual-lift)))

;(defmethod (plan-state-machine :change KoDefoze)
S (0
(setf observation (send control-machine :state-name))
(cond ((and (equal, (send s.tate s3tate-name) 'planned-exchange)

(send owner :interlock-confirrn)
(send owner :stable-without-p)
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(sen~d owner :lift-ok))

(setf condition 'interlock-confirm))
((and (equal (send state :3tate-name) 'planned-lift)

(send owner :stable-without-p)
(send owner :lift-ok))

(sett condition 'stable-without))
(t
(setf condition nil)
(setf lift-ready-flag nil)))

(deftnethod (plan-state-machine ithange)

(setf observation (send control-machine :atate-name))
(cond ((and (equal (send state :stste-name) 'planned-exchange)

(send owner tinterlock-confirm)
(send owner tstable-without-p)
(send owner alift-ok))

(setf lift-ready-flag t)
(setf condition 'interlock-confirm))

((and (equal (mend state setate-nama) 'planned-lift)
(send owner istablo-without-p)
(send owner :tuft-ok))

(setf lift-ready-flag t)
(setf condition 'stable-without))
(t
(sett condition nil)
(setf lift-ready-flag nil)))

(setf state (send state :change decision observation condition))

i(dafmethod (plan-state-machine :change tatter)
0)

(send control-machine :send-command
(send state :qenerate-command))

(if (and lift-ready-flag
(equal (aend self :state-name) 'actual-lift))

(send owner :lifted)))

(detmethod (plan-state-machine :send-doc1isin)
(a-decision)

(setf decision a-decision))
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M-- Mode:Common-Lisjp; Bass:10

i robot flavor definition

(defflavor aobot(legs body vision-system joystick
(0ift-able-legs nil)
(plaoe-able-legs nil) (supporting-legs nil)
(Supporting-p-legs nil)
(joy-command 1 (0 0 0)) lift-queue lift-flag)

()
tinitable-instoanc-variables
:geottable-instance-variables)

(efmeathod (robot :initti)
()

(send graph-asv inmit-data)
(setf vision-system (make-instance 'vision-system :owner @elf))
(send vision-system :initti)
(setf joystick (make-instance 'joyatick))
(send joystick :reset)
(empty-queue lift-queue)
(setf lift-flag t)
(leot ((H))

(setf body (make-instance 'body iowner self))
(setf H (send body iAnitti))
(setf legs (list

(make-instance 'leg :name 'legi :owner self)
(make-instance 'leg :name 'leg2 :owner self)
(make-instance 'leg :nane 'leg3 :owner self)
(make-instance 'leg iname 'leg4 :owner self)
(make-instance 'leg :name 'leg5 :owner self)
(make-instance 'leg :name 'leg6 :owner self)

(mapcar #' (lambda (a-leg) (send a-leg :initti H)) legs)

(dafmethod (robot :find-lift-able-legs)

(delete nil (mapcar 0'(lambda (a-leg) (send a-leg :lift-able)) legs)))

(defmeathod (robot :find-place-able-legs)
()

(delete nil (mapcar #'(lambda (a-leg) (send a-leg :place-able)) legs)))

(defmethod (robot :find-supporting-legs)

(delete nil (mapcar #'(lambda (a-leg) (send a-leg :supporting)) legs)))



robot-tl.liap Wed Nor 28 10:12:11 1990 2

(defrnothod (robot :find-supporting-p-legs)
0)

(delete nil (mapcar U (lambda (a-leg) (sand a-log :surdporting-p)) legs)))

(detmethod (robot aget-bc~dy-retate-ratel)

(mend body :get-body-rotate-ratel))

(defmethod (robot :get-body-rotate-rat*1O)

(send body !get-body-zotate-ratelo))

(detmethod (robot :get-body-trans-ratel)
0)

(mend body :get-body-tranme-ratel))

(dafmothod (robot :get-body-trans-rateio)
0)

(send body :get-body-tw~ans-rate*.O))

(dofmethod (robot :Vet-estimated-support-plane)
0)

(send body tgot-estiinated-aupport-plane))

(deftethod (robot iget-HI)
0)

(send body :get-Hl))

(detfmethod (robot :get-HE)
0)

(send body -get-HO))

(detmathod (robot Iget-H1C)
0)

(send I~dy :got-HIO))

(detmethod (robot :get-inv-H1)
0)

(send body :get-inv-H1))

(detmethod (irobot :get-inv-M6
0)

(send body :get-inv-H6))
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(deftethod (robot :goet-inv-Hl0)

(send body :get-inv-H1O))

(defme•thod (robot slift-ok)
(leg-name)

(cond (lift-flag
(cond ((equal leg-name (send (first lift-queue) :name))

(setf lift-flag nil)
t)

nil) ))
(t nil)))

(defmethod (robot flifted)
(leg-name)

(if (equal leg-name (send (first lift-queue) iname))
(dequeue lift-queue)
(print (list "error in lifting" leg-name))))

(defmethod (robot :pe=mitted-cell)
(t-0ell)

(send vision-system :permitted-cell t-oell))

(defmethod (robot. iscanning)
C)

(send viuion-mystem isuanning))

(defmethod (robot :stable-without-p)
(a-leg)

(send body istable-p
(remove a-leg supporting-p-legs)))

(defmethod (robot •terrain-point)
(t-oell)

(send v1sion-system :terzain-point t-oell))

I ;I ***************** ****** ******** *** ********,****** *******

prolog interface robot methods

L M*********** *********************************************
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(deftethod (robot :at-tkm-1±mit)
0)

(let ((limit-log
(car (delete nil

(mapoar #'(lambda Ca-leg) (send a-leg :TKX-limit) ) litt-able-logs) ) )))
(setf supporting-legs (remove limit-leg

support ing-legs))
(setf lift-able-legs (remove limit-leg

lizrd~-leg)lift-able-legs))

(defmethod (robot :oheok-stability-p)
0)

(send body :stable-p-rn supporting-p-legs (first lift-queue)))

(dofmet had (robot ioheok-t)km-lirnit-p)
0)

(delete nil
(mapoar #' laihbda (a-leg) (send a-leg tTKM-limit-p)) supporting-p-legs)))

(defmethod (robot :do-reoovery)

(car
(delete nil

(znapoar 0' (lambda (a-leg) (send a-leg iwith-foothold)) ploce-able-lega)))

(detmethod (robot sexeoute-planned-motjion)
0)

(mapoar V'(lambda (a-leg) (send a-leg :do-planned-motion)) legs))

(dafmethod (robot igraphical-dimplay)
0)

(send graph-asv :display (send body iget-HI)
(mapoar V'(lambda (a-leg) (send a-leg ilog-pou-wrt-body)) legs))

(detmethod, (robot :haa-mor*-tkm)
(leg2. log2)

(o (send leql itkzn)

(dofmothod, (robot :leg-with-new-foothcold)

return a-leg with now-foothold.
(do ((new-foothold-flqag (mapoar 0'(lambda (a-leg) (send a-leg -now-foothold)) place-aC

a-legs3)
(mapcar 0'(lambda (a-leg) (send a-log :new-foothold) ) Place-a)

s-legs))
(a-leg nil))
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((or (nil-list new-foothold-flags)
a-leg)

(if a-leg a-leg nil))
(setf a-leg (send self :Max-sM-leg nil))))

(defmethod (robot :max-sm-leg)
(a-leg)

max-am-leg without supporting a-leg
(let (legs-with-foothold)

(cond (place-able-legs
(sett legs-with-foothold

(remove nil (mapoar *'(lambda (leg)
(if (send leg ihas-loothold-p)

leg
nil))

place-able-legs)))
(cond (legs-with-foothold

(do ((legs (odr legs-with-foothold) (odr legs))
(largest-leg %car leqs-with-foothold) largest-lag)
(temp-support-legs (remove a-leg supporting-legs)))

((null legs)
(it (send body istable (cons largest-leg toemp-support-legs))

largest-legnil))
(if (send body imore-stable taemp-support-legs

(car legs) largest-leg)
(setf largest-leg (oar legs)))))

(t nil)))
(t nil))))

(deafmeothod (robot imodify-oomnand)
()

(send body :modify-oommand))

(defmeathod (robot await-for-lift)

(delete nil
(mapoar #'(lambda (a-leg) (send a-leg -lift-not-done)) supporting-p-legs)))

(defmethod (robot read-joystick)
()

(let ((joy-value (send Joystick :get-joy-value)))
(setf joy-command

(reverso (odr (reverse (send joystick aget-joy-value)))))
(if (fourth joy-value)

nil
t))

(dlfmethod (robot :restore-command)
0)

(send body :reItore-command))

(defmeothod (robot :before :send-decision)

I I
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(1e91 leg2 a-decision)
(cond ((equal a-decision 'exchange)

(enqueue lift-queue legl))
((equal a-decision 'lift)
(enqueue lift-queue legl))))

(defmethod (robot :iend-decisi^n)
(legl leg2 a-decision)

(sond ((equal a-decision 'exohanqe)
(send legl tsend-deoision a-decision)
(send leg2 :aend-decision 'place)
(send legi :send-exchange leg2))

(t
(send leg1 isend-decision a-decision)))

(defmethod (Lobot ismallest-tkm-leg)
()

I select smolles-T-M-leg
t tkm is nil or positive

(do ((legs (odr lift-able-legs) (adt legs))
(smallest-leg (car lift-able-legs))
(smalles-t)-km nil) (tkm nil))

((null legs) smallest-leg)
(setf emallest-tkm (if (send smallest-leg itkm)

(send smallest-leg I•tkm) -1000))
(setf tkm (if (send (oar legs) itkm)

(send (oar legs) :tkm) -1000))
(if (> smallest-tkm tkm) (setf smallest-leg (car legs)))
(if (and (equal smallest-Om -1000) (equal tkm -1000))

"Error i move than one legs axe out of kinematic limit")))

(detmethod (robot islow-down-robot)
()

(send body islow-down))

(defmethod (robot :speed-up-robot)
()

(send body tspeed-up))

(defmeothod (robot :stable)
C)

(send body :stable supporting-legs))

(defmeothod (robot :stable-m)
C)

(send body :stable-m supporting-legs))

(defmethod (robot :atable-without)
(a-leg)

(send body astable (remove a-leg supporting*-lega)))
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(dafmethod (robot :update-robot-status)

(setf lift-flag t)
(set~! lift-able-legs (send self :find-lift-able-legs)
(setf place-able-legs (send self :find-place-able-legs))
(sett supporting-legs (send self :find-supporting-legW)
(setf support~ing-p-legs (send self :find-supporting-p-legs))
(mapoar V'(lambda (&-leg) (send a-leg iupdate-tkm-p)) supporting-p-legs)
(if (send self :oheok-tkm-limit-p)

(send body :stop-motion (send self :check-tkm¶-limit-p))
(send body :restore-motion))

(if (not (send self icheok-stab4.lity-p))
(send body imodify-cown~and-p)
(send body :restore-command-p))

(send body :oaloulate-motion 3ey-coouuand legs)
(mapoar #' (lambda (s-leg) (send &-leg :select-focthold)) place-able-legs)
(mapear C (lambda (&-log) (send a-leg iupdate-tkxn)) supportinq-legs))

(defun create-terrain (
(send graph-terrain :create))

(defun kill-terrain 0
(send graph-terrain :kill))

iprolog interface functions

(defun at tkm limit 0
(send aev :at-tkm-limit))

(defun do recovery 0
(send aev :do-reoovery()

(defun execute~planned motion 0
(send aav :exeoute-planned-mot ion))

(defuzi graphical displayo0
(send asy :graphical-diaplay))

(detun has-more-tktn(legl leg2)
(send saa :has-MOre-tkzn legl leg2))
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(defun inits()
(send asv :initti))

(de fun leg with new foothold (
(send asv :leg-witih-naw-foothold))

(defun max am-leg(a-leg)
(send aev :max-sma-leq a-leg))

(defun modifyoemm~ando
(send asv :mnodify-commarid))

(defun read-joysticko(
(send asv :read-jeystiok))

(defun restore coirmiandoC
(send asv irestore-conunand))

(defun siand-decision(legI. leg2 *-decision)
(send axv :send-deo4.sion leg2. 1eg2 &-decision))

(defun smallest~tkm...)leg()
(send asv :amallest-tkm-l~q))

(defun slow down roboto(
(send aiv :slow-down-robot))

(defun speed up roboto(
(send cay ;speed-up-robot))

(defun stable~p(
(send asv :stabl.))

(defun stable~p in)
(send &sv :stable_in))

(defun stable -without (a-leg)
(send asv :stable-without a-leg))
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(defun updateyrobotastatus 0
(send any :update-rabot.-sataus))



robot-trarnslation.1iep Thu Nov 29 1.3:11:55 1990

(tsi:add-logical.-pathname-host "robot" "lrootS"l
f(("kwak"l "aupermac~kwak:"fl))
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; Mode:Common-Lisp; Package;USER; Base;l.l

i top level motion planning coordinator

(defun my-monitor (&rest args)
(let ((x (mapoar #'my-output args)))

(if (remove nil x)
(my-print x)))

t)

(defun my-output(arg)
(cond ((typep arg 'leg) (send arg tname))

((typep arg 'atom) arg)
((typep arg 'list) (cons (my-output (car arV))

(my-output (odr arg))))
(t 'error)))

(defmacro retract(predicate &optional (argument t))
1'oond ((not (boundp (quote ,predioate)))

nil)
((and ,predicate (equal ,argument '?))
(setf ,predicate (cdr ,predicate))
t)

((member ,argument ,predicate :test 'equal)
(aett ,predicate (remove ,arqument ,predicate :count 1))
t)

(t nil)))

(defmacro assurta(predicate &optional (argument t))
'(oend ((not (boundp (quote ,predicate)))

(setf ,predicate nil)
(setf ,predicate (cons ,argument ,predicate)))

(t (aetf ,predicate (cons ,argument ,predicate)))))

(defmaoro aassirfz(predicate Loptional (argument t))
I(nonc, ((not (boundp (quote ,predicate)))

(setf predicate nil)
(setf ,predicate (append ,predicate (list ,argument))))

(t (setf ,predicate (append ,predicate (list ,argument))))

(detmacro match(predit-ite &optional (argument t))
'(cond ((not (boundp (quote ,predicate)))

nil)
((member ,drgument ,predicate :test 'equal
t)
(t nil)))

(defmaero unify(predicate argument)
'(cond ((not (boundp (quote ,predicate)))
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nil)

(t (aetf ,Argumer.t (car ,predicate()))))

;robot :-initialize, repeat, my loop, fail.

;initialize t- mnite, init-ditch~plan.

;init diath-Plan a-retract(plan-cycle(j), retract(planastate(.)), fail.
; iit-ditch..p.1an :-assert~a(plan-cycle(l)), auiserta(plan-state (place legs in-the-air)).

; any loop :- gotceawnand, plan, execuite, )

tget-cormmand :- X is read-joystick.

; plan ~-ditch-mode, ditch~plan.
;plan a-normanlplan.

; ditch-mode :- ditch mode (in). pp cleared by ditchiplan.
j ditoh_!Aode t- X is atfiitoh~area, X -- t, asserta(ditch.mode(in~))

;extcute :- execute-motion, draw-robot., 1.

p execute-motion :-X is oxecute~planned motion.

p draw-robot :- X is graphical display.

(defun robot()
(create-terrain)
(robotl2)
(kill-terrain))

(defun cobotl 0)
(initialize)
(do 0)

((not (My loop))))

(defun initialize()
(cond ((and Units)

(init-ditoh~plan))
t)
(t nil)))

(defun init ditchyplano(
acond ((and (not (aetf ditch-mode nil))

(not (setf plan-Cycle nil))
(not (setf plan-state nil))
(not (setf limit leg nil))
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(not (setf reduce_speed nil))
(not (setf frontlegs nil))
(not (setf middlelegs nil))
(not (setf rearlegs nil))
(not (setf decision nil))
(asserta plan cycle 1)
(asserta plan-state 'placelegs_intheair))

t)
(t nil)))

(dofun my loop()
(process-allow-ashedule)
(cond ((and (get command)

(plan)
(execute))

t)
(t nil)))

(defun getcommand (
(cond (t (read_:oystick))

(t nil)))

(defun plan C)
(oond ((and (ditch mode)

(ditch plan))
t)

((normal-plan)
t)

(t nil)))

(defun ditch mode ()
(cond ((match ditch mode 'in)

t)
((and (at-ditch-area)

(asserta ditch_mode 'in))
t)

(t nil)))

(defun execute 0
(cord ((and (execute-motion)

(drawrobot))
t)
(t nil)

(defun execute motion C)
(cond (t (executeplanned motion) t)

(t nil)))

(defun draw.robot ()
(cond (t (graphical_display:' t)

(t nil)))
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I; Normal Plan

;normal lan t- update robot statet, *ohok tki limit,

; -Ogplan, bodyplan, Ueneratedecision7, 1.

;update robot~state :- X in update~robot-atatus.

;check-tkm-jimit :- A-leg is at tkmýlimitl Alog \-nil,
asbert& (li.mitleg(Aog, lift))

icheocktkinl~imit.

Ileg-plan :-lift alog.
tleg~plan :-exchange-lsgs.
tleg~plan :-stable.

Iloqgplan :-place-a leg.
Ileg-plarin wait-jor-legs.

tstable i- Condition in stable~p, Condition -- t.

tlifts leg gt- stable, A "log is smallest tkvm leg, Al.eg \mnil,
Condition is stable without (A,_leg), Condition tp

exchange legs :- stable, LeqA is smallest tkn legr, Le;A \-nil,
Legi in max sm lg(LeqA), LegB \-- nil,
Condition is h~as more tkin(LegB,LsqA),
Condition--t

1 asserta (deCi3ion (LegA, Legs, exchange),

tplace.a leg :-Alag is max am.leg(j, A~leg \-- nil,
asertta(dec1isin (A leg,_,place)).

wvait for legs a-try _newjfoothold.
wait for legs a-recovery, oseerta(roduce speed).

iwait for legs a-asserta(reduce speed), restore-limit-leg.

try new foothold :-Aleg is leg with new fCoothold, A-log \'nil,

a5sertsa(decision (A,_leg,_,place)).

recovery :- A-log is do~recovery, Aleg* \-- nil,
aaseezta(deciuion(Ale,_0,,place)), restore limit-leg.

restore -limit -leg ;- retcact (limit-leg (A-leg, lift)).
restore-limit ileg.

(defun normalplan (
(cond ((and (update-robot-state)

(check t kmInimit)
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(1eg~pl an)
(bodyyplan)
(my-monitor limit leg decision reduce~apeed)
(generate-decis ion))

t)
(t nil)

(detun update robot stateo(
(Cend C (update-robot-statua)

t)
(t nil)

(do fun check tkm limito(
(let ((leg))
(cond ((setf leg (at tkm limit))

(asserts liMitjegj (list 'lift leg))
t )

(t t)
(t nil))))

(defun leg~plan()
OR tree becoesu regular "cond" statement.
(cond ((liftta~eg) t)

((*xohang*_leg) t)
((stable) t)

((Plcee eg)t)
((waitjfor~lege) t)
(t nil)))

(defun stable(C)
(cond ((stable~p) t)

(t nil))

(detun lifta leg C)
(let ((leg))

(oond ((and (stable)
(ejqtf log (Smallest tkM 107))
(stable without leg)
(assert; decision (li3t"]lift le07M

t)
(t nil)))

(detun exchanga leg C

(cond ((and (stable)
(36tf 1eg& (!malleat -tkm lIeg))
(aetf legb (MAXAm-log leva))
(has more tkzn legb lergs)
Ca~safrta decision (list. 'exrhange .Jega legbM)

t)
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(t nil))))

(defun place_&_liog
(let ((leg))

(cond ((and (Saef log oiax:leg nil))
t) (assert&a decimion. (list 'place log)))

(t nil))))

(de fun waitjfor).ega ()
1OR
(cohfd (t xyjnewjof otholda) t)

((Cr~cvery) (assert& iedt.ioOpeod) ýt)
((assert& reduce speed) Craators_1lmt'iw149Y t)
(t nil))

(def un. try-newj ootholds 0)
(lot ((l69))

(cond ((and (setf log (leg with now foothold))
(assettA doe L@on-. (Tist 'Place! lag)))

(t nil)))

(ddtf ifn' recovery C
(let ((1eg))

(cond ((setS leg (do recovery))
(osserta deoieion (list 'place le1))

(def un restore'liamitleg(
IOR
(coond ((andI (unify limit~lsq log)

Ct )

(t nil)

Ite Ditch Plan

ditch~plan ditch~plan,_done, retract(ciitch-mode(in)), idlancycla.
.e ditch~plan cycle~planner.

;***I~****Cycle plannier ******
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iditch~plan done :- plan cycle(6), retractiplan~cycle(6) ), Asserta (plan cycle(l)),
preparernoxt-ditch~plan.

preparejiext-ditph~plan :- move.

icycle~plannor s- one~oyole.one, plan cycle(N), N1 is N+l, aetract(plan~c*cl4(Nfl, age
t~a(plan~cycle (Nl))p

I ~idle-Cycle.
icycle._plannor :- plan~cycle.

p********Planr Cycle disapatcher

:one aycledions t - plan state (oneplacycle done)# retract (plan statn (onelancelm d

initiali.e~plan state.

iplan cycle i- plan~cycle(2), u1pdate robot stat., dich-plan~cyceI*., body~plan, genera
plani cycle i- plan~cycle(3), Update~robotastate, ditch-plan cycle 2, body-.Plan, gernera

tplan cycle i- plan oycol(4), update~robotastat*, ditch~plan-cycl*_4, body-Plan, genera

tplan cycle i- plan~cyc2.e(S), update robot. state, ditch~plan cycl*_4, body~plan, generw

-docisllon, I

Iidleocycle i- update~robotastate, body~plan, generatedecision, 1.

(defun ditoh-plan C
(cond ((and (ditch-plan done)

(retract ditch mode 'in)
(idleoycle))

((cyolejplanner)
t)
(t nil.)))

~********Cycle planaer ******

(defun ditch-plan done 0)
(cond ((and (match plan cycle 6)

(retract plan cycle 6)
(assert. plan cycle 1)
(prepare next ditchJplan))

t)
(t nil)

(defuLn prepare next ditch~plan (
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(cend ((move)
t )
(t nil))

(clefun eycle~planner C
(cond ((and (one..cyclsedone)

(unify plan~ocyle N)
(retract plan~cycle N)
(asserts, plan..cycle (+ N 1))
(i.Ile-ycle))

t)
(Cplan~oyn4).e
t)
Ct nil))

p********Plan Cycle Dispatcher

(defun one-cycle done (0
(con~d ((And (match plsn~state 'oneplanocyole-done)

(retract planetat 'neplanocyele.dones)
(intializeplran state))

(t nil))

(defun plan~cyole 0
(cond ((and (match planocycle 1)

(update-robot-state)
(ditchjlanocycle_.)
(body~plan)
(my-monitor plan cycle plan state decision reduce-speed)
(generate decision)

((and (match plan cycle 2)
(update-robot-atate)
(ditoh~plan~oycole3)
(body~plan)
(my-monitor planeoycle plan-state decision reduceaspeed)
Cgenerate-decision))

t)
((and (match plenocycle 3)

(update robot at ate)
(ditah~plan~cyole3)
(body~plan)
(my-monitor plan-cycle plan_state decision reduce speed)
(qeneratedecision))

t)
H(and (match plan qPyole 4)

(update robot-state)
( ditch~plan cycle_4)
(body~plan)
(Ony-monitor plan~cyale plan-state decision reduce speed)
(generate decision))

t)
((and (match plan uycle 5)

(update rolit state)
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(ditch..5lan cycle 5)
(body~plan)
(my-monitor plancoycle plan stat. decision reduce speed)
(generate-decision))

t)
(t nil)))

(defun idleoycle (
(cond (land (update robotst ate)

(body~plan)
(my-monitor plan cycle plan~state decision reducesapeed)
(generate-decisiorfli

t)
(t nil))

g********cycles

i init4.alise~plan state i- aaserta(plan-state (start)).

iditch~plan cycle. I - plan~stats(stmre)# retract;(plam~state(start))r asserta(plan stat
place~lsq8_intheair)),

I ~place logoin the air (baek~middle legs).
; ditoh~plarioycle_1a pla~e~legs~inthoair(bao)kjiddle~legs).

ditoh~plan cycle. I- back jiddlelegqs(forwarct rea es
p ithplanoyole~l a-forward rear loeg(torwa _midJlo~legs).

i ditch~plan~cyalol a - forwarC midCdlelegs Uofaw~rd,1ont logo).
i ditoh~plan cyclel -1- forward -front -legs (lift.A~iddle leisand move).
tditch~planocyole.I !- lift Lcildle~leqs and move (oneplan ýcycle done),

i ditchyplancyole_2 i- plan state~otart)t retract (p:lan state (start)), aseerta (plan-stat
back middlelegs)),

back -middle -legs (forward rear legs),
ditchyplan~cycle -2 backjniddle-legs (forward -rear logs).
iditch~planocyole_2 a-forward rear legs(forward mid~dle legs).
;ditch~plancyole_2 s- forward-middle legs (on.j~lan cycle done).

iditoh~plan~cycle_3 :- plaitastate(start), retraot (plan state (start)), asserts (plan stat
move~ferward-froiit legs)),

I ~move-forward front legs (moive forward middle legs).
i ditahpJaaio~ycle -3 :- move -forward frontjlegs (move -back middle lIegs).
;ditch~plan~cycle_3 a- move.-buokmiddle legs (move .forward rear loeg).
; ditch~planocycle-3 a-movejforward rear legs (one~planacyloledone).

; ditch~plan cycle 4 a-plan-stat*(start), retz-act (plan-state (start)), asserta (plan stat
no ye orwa rd middle .legs ),

move -forward -middle legs (onejplan cycle done).
ditch~plan~cyole4 a-move forward middle legs (cneytlan cycle done).

i ditohyplan cycle_5 plan state (start) , retract (plan state (start) ), asserts (plan~stat
movejforward front lega)),
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1 ~~move forward -IVnC).es93(movQejorward middle legs).
iditch~plan~cycle..5 i- movejforwardfrontjlegs(move,.bmck,.middlejlegs),
iditch pancoycle-5 :- move-backjrLiddle.).egsi ~ve forward rear legs).
Iditchpan~cycle_5 t- movejforwardyoaarjlegs (onejilan cycle done),

;***********ACycles ********

(defun initialize~plan -state 0)
(cond ((asserta plan state 'start)

t)
(t &i~l))

(defun dito ~planocycleI(
(cond ((and (match plan state 'start)

(retract planastate 'start)
(ass erts plan state 'placelogosin the air)

(plac~egsnthe ir ba-ckmi~ddle).es))
t)
((place~legsinjhe~air 'backmidd2.e~les)
t)

((back-middle~lega 'forward-rear-leqs)
0)

((forward-oarxlegs 'forwardjaniddle).egs)
t)
((farwaxd~middle~leqs 'forward~jzont~legs)
t)
((forward-front~lega 'itpiddle).eqs~and._eve)
t)
((liftjniddle~legs..and.move I one~planoycle..done)
t)

(t ni2.)

(do fun ditch~plan~cycle-20(
(cond ((and (match plan state 'start)

(retract plan state 'start)
(asserts, planlatate 'backnmiddle legs)
(back middle legs 'forward rear legs)')

t)
((back middle legs 'forward rear legs)
t)
((forward-rear~logs Oforward-middle~leg.)
t)
((forward middle legs 'one~plan-cycle done)
t)
(t nil)))

(defun ditahplan cycle_3 C
coond ((and (match plan-state 'start)

(retract plan-state 'start)
(asserta plan_3tate 'move-forward-front_legs)

-(move forward front legs 'move-ba ok middle legs))
t)
((move-forward-front-legs 'move-back-middle legs)
t)
((move back middle loeg 'move forward-rear_2 age)
t )
((miove-forward-rear legsa 'on~pian~cycle done)
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t )
(t nil))

4 (detun ditoh~planoyole_4 0)
(cond ((and (match plan~state 'start)

(retract plan-state 'start)
(asserta plan state 'move forward Jn.ddle~).egs)
(move-forwardjimiddle legs 'one-Plan~cycle-don.))

t)
((move-forward-middle~legs 'one..plan cycle done)
t)
(t nil)

(defun ditch lan oycle5 C
(cond ((and (ma~tch plan-stat. 'start)

(retract plan-state 'start)
(assert a planestate 'rmovejforward,_ront).eqs)
(move forward-front lega 'move back middle legs))

t)
((movejorwardjfront~lege 'move-backjnPiddle~legs)

((mov*ebaokjn4.ddlselega 'movejorward-rear-legs)
t)

C move-forward rear legs 'one~plan cycle done)
t)
(t nil))

~~~ ~state$ *******

back middl*_e ..gs(NextState) :- plan state (back middle logo), back middle logs done,
retract (plan sate (bcaidelg)), asserta-(plan at

e (Next State)),
I stop.

1back middle legs (NextState) :-plan_state (back middle legs), do back middle legs,
I stop.

iforward frent-legs (Next-State) :- plan state (forward front legs)), forward front legs_
n*,

retract(plan-state(forwardjfront legs), asserta(plan
tate (Next_State)),

II atop.
iforward front legs (Next_State) :- plan state (forward front legs)), do~forward-ftont-le

stop.

iforward .middle legs (NextState) :- plan_state(forward middle legs), forward-middle leg
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done,
I retract (plan_ stAte (forwardjniddle logs), asserts (p'

-state CNextState)),
stop,

forward middle legs (NextState) :-plan state(forwarcl middle legs), do-forward -Middle_
95,

stop,

pforwaz'd.rear legs (NextStste) t - plan~state (forward rear loes), fcrwardrearlegs-don
retract (plan-state (forwa-rd rear legs), asserta (plan-i

to CNextj.tate)),
I stop.

pforward r.4ar legs(NextStat*) s- plan state (forward-rear).egs), do~forward-reax~lega
atop7.

lift midd *.eqs~and,_move (Next,.St ate) :- planastate(liftmiddle~legs~artdmove), move ..C

retract (plans3tate (lift-middle).egsmand move)
aseaorta (plan state (NextState)).
1 lift jmiddle lesqsand move (Next State) t - plan state (lift middle,).egs~aridmove), do lif
middle).egs, move.

i move-baok-yniddle.)egsCNextjt~te) a - planastate (move_.baok. iddlejlegs), move-baok-Midc!
leai e retract (planstate(movebaok-middle).egs)) asaer

(plan-stat Nx~ t)
_b rnv o icddlIeIega(NextState) i- plan~state bnve..Oackjaddle~legs), dq-move-back-rr

dle).egs.

p move forward front legs (Next ,Sr~at., : - phansotste movo forward front legs), movejorwa
.f rontlegs done,

retract (plan state (move forward front legs)), a
erta (plan state (NextState)).
I move forward ,front _legs(Next_State) a- plan state(move forward-front-legs), do move fc
ard-front logo.

p move forward middle legs (Next_State) :-piansmtate (movejforwardjniddle legs), move-for
rd -mid~le-lega-dons,

I retract (plan state (movejforwardjfront legs)),
aorta (planstcte (NextState)).
p move..forward-middle legs (NextState) :plan state (move forward-middle legs), do move_
rward middle legs.

imove -f orwavd-rea rlegs (Next_$tat e) -plan satate (movejforward-rear~legs), mov.aijorwarc
iddleauogs-done,

retract (plan state(move forwazd'e-ar legs)), &o-
ta (plan state (NextState)).
p move forward rear legs (NextState) :-plan_atate(move forward roar legs), do-move-forv
d-rear legs.
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1place legs in the...air(NextStat.) :- plansttat(place~leg ~in-the~air( , placelegs in_

eIr oe retract (plan state (place legs in the air)), aaser,

(plan~state (Nextstate)),
I stop.

iplaoe~legs_'theuair(Next_$tate) :-planstateplace~legsjin..the~air), do~place~legs,.
-the-air, atop.

* ~ ~ States *~

(defun back midddle~leqa (nextastate)
(cond ((and (mAtob1 plan state 'back middle~logs)

(back middl;ýelegdone)-
(retract plan-staTe 'baokj-niddle-leWs
(asserts, planastate nextestate)
(atop))

t)
((and (match plan state 'back middle logs)

(doýbackjniddl*_legs)
(stop))

t)
(t nil))

(del un foc ard~front~leqa (nextatate)
Coond ((and (match planstatxe 'forward front legs)

(f erward I ront ic;. done)
(retract plan state 'forward front~lega)
(asserta planstate next-state)
(stop))

t)
((and (match plan state 'forward front legs)

(dol frwa rd-f rnt legs)

t)
(t nil)))

(defun forward middle_legs (next state)
(cond ((and (match plan state 'forward -riddle legs)

(forwardxnlddle~legs-dons)
(retract plapletate 'foiward middle-legs)
(assert& plans3tate next state)

-(stop))

((and (match plan state 'forward -middle_loge)
(do f orwa rd middle legs)
(atop))

t)
(t nil))
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(defun forward -rear legs (next~state)
(cond ((and (match plan state 'forward -rear-lego)

(f orwa rd -rear rlogodone)
(retract plan state 'forward r~a;_egs)
(asserta plan-state noxtsotatE)
(stop))

t)
((and (match plan state 'forward-rearjeogs)

(do forwa rd -rear~legs
(stop))

t)
(t nil))

(defun litmid el*_gund~move (flex etate)
(cond ((and (match plan~state rliftmiddle~legs~and-Move)

(move~done)
(stop)
(retract planestate 'lift-middle~legaand-move)
(assert& plan~state next~state))

t)
((and (match plan state ' ift mniddle legs and-movo)

(I if trniddlejelgs)
(move))

t0
(t nil))

(defun move-back-middle legs (next-state)
(cond ((and (matoh plan-itate 'move back middle legis)

(move ýbacok middle leg qadone)
(retract plan stata 'move back middle legs)
(asserta plan_3tate next-state))

t)
((and (match plan state 'move back midd~le egse)

(do move back m~iddle-legO)
t)
(t nil))

(defun movo~fiorward front legs (next state)
(cond ((and (match plar&_Itate 'move forward frontjlegs)

(mnove forwar6 _front legsdone)
(retract plan-state 'move-forward-front_legs)
(nseorta plan state next-state))

t )
((and (match plan state 'mcove forward front_ Jeqm)

(do move forwa rd front legs))
t )
(t nil))
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(defun move *forward middle legs (nextastate)
(cond ((and (match planstatte 'movejforwardjniddle~legs)

(move forward middle legs done)
(retract plan-state 'move~forward..middlaelegs)
(auserta plan-state next~state))

t)
((and (match plansatato 'move forward-middle~legs)

(do move forward..middlejegqs))
t)
(t nil))

(defun move-ferwardrearlegs (next-state)
(Cond ((and (match planastste 'mov*_forward3Or**r.egs)

(move forward r~ar).egadon*)
(retriaot plan-mtate 'move-forwardte~arIoqs)
(eassert& plan-state nexta8tat4))

((and (match plan~state 'movejorwardyrear_1egs)
(do move forward-rear~legs)ý

(t nil))

(defun place legs in the air' (next state)
(cond ((and (match plainatate Iplac*.)ega~in~the~air)

(plac@lege~in~theairdon*)
(retract planst ate 'pIaoe).eqs~in-theair)
(asserta plan-state nextastate)
(stop))

((and (match plansatate tplacejeqs~in~the~air)
(doplacaelegs~inlthe~air)
(stop))

t)
(t nil))

*******,~**State Executors

move-back middlo legs done :-all-middle legs lifted, all middiLeeg3_placed,
clsai: middle-lifted memory, cl~ear-move memory, stop.

do *move-bacnk-middl, legs ~-all middLe lega~lifted, mcove done, stop, place~middle~leg
ack.
do move back middle logs all middle legsalifted, move.
du move batrk 'middle legs : liftý-middle_legs, stop.
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move forward front legs done :-all-front_legs lifted, all_front legs~placed,
clear-frntlifted-memory, clear-move-memory, stop.

s do-move-forward front legs :- all-front~legs lifted, move-done, stop, place front legs
Ido move forward-front legs a - all I rontjlegs lifted, nove.
;do move forward front legs :- lift front legs, stop.

; move forward-middlelegs .done :- all-middle .egs).lited, all -middle leg3_placed,
clear-middl1e li~fted,_memory, cis.ar-move memory stop.

do -move forward middle legs all-middlejeug6_lifted, move_.done, at')p, placejrmiddlel1

;do_ move fozward-middle legs a- a1.middle~lege lifted, move.
dojncve-forwardjniddle legs i- lift middle legs, stop.

move-forward-roar-logs Idone a - all-rear-lago~lifted,al ergpaod
$ clear rear).ifted memory, clear_.move-memory, atop.

*domove forward-rear legsa- all rear-.e9a lifted, move don~e, stop# lora es
*do-movejforward-rbar legs :- ll~rearle~gs lifted, move7.
do-move forward-rear legs a-lift~rear-leg, atop.

move t- auserta(rtsuxne movement).
atop :-aaserta(stopmovement).

iclear move memory a - retract (move (done)).
* clear movo memory.

;move-done a- iove (done).
;move-done a-X is at-tkrn-limit, X \-- nil, aaaerta (move (done))
;move-done :-X 1a at stability limit, X \-- nil, asserta(move(done,1.

ibaeck -middle legs dona :- all middle legs lifted, all 1middle_legsjP laced, clear-middle-
ft*(A memory, cle r-movemnemory.

*do-back -m!.ddle -legs all mniddle legs lifted, place middle legs back.
do~back middle legsa- lirtjniddle legs.

allifaidddl*_legs lifted middlie legs (lifted).
all__middle legs lifted X La both middle legs lifted, X -- t, asserta(middle~leg.(li

ed)).

*all middle legs~pleced a-X is bot h rrdddie- lega~pl aced, X -- t.

*clear-middle lifted memory :-retract (middle logs (lifted)).

*place -middls legs back :- A-log is placable middle-leg, AlIeg \-- nil, asserta(deciaio
Aleg, - place-back))
; place middle legs back.
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lfiridle .egs A-leg ij liftable middle leg, Aleg - nil, aeaerta(decision(kAle

!itmiddle legs.

i forward-front legs done :- all front legs lifted, alljfxont~legs~placed, clear front-I
ted-memory, clearjnove-memory.

do forward front legs -alljfrontjlegs lifted, place front legs.
:do-forward front legs :-lift~frontjlegs.

iall~front~legs~lifted :-frontjlegs(liftedý,
a.llj ront).egs lifted :-X is bothjfront9.egs lifted, X ~-t, asserta(fron't.lega(lifto

all front lega~placed :-X is bothfront).egasplaoed, X -- t.

cleiir front-lifted memory :- retract (front leqs(lifted)).

iplace front legs t- A.-eg is plaoabloejrontjegq, Aleg \-- nil, &Sserta(decision(A,_leg
,place)).

ilift front legs A- leg is liftable front leg, Al1eg \-a nil, asserta(deoiuien(A leg,.
lift)).
lift-front-legs.

iforward middle legs done : - all Jmiddle legs lifted, all...middle~legs-placed, clear-midd.
7 ifted,.memory, clear-movempemory.

;do - orward middle legs :-dll middle- legs lifted, place-middle legs.
;doforward middle legs : liftE-middle legs.

iplace middle legs :-A-leg is placable middle-leq, A~leg \-- nil, aaaserta~decision(A_1
,,place)).
place middle logs.

forward roar legs done :- all rear legs lifted, all-rear~legsplaced, clear-roarlifte
memory, clear move memory.

do -forward rear legs -alljfront legs lifted, place rear legs,
dojforward rear legs :-lift rear legs.

all -rear legs lifted rear legs(lifted),
all zear-legs_1ifted X is both-rear).egs lifted, X a- t, asserta(rear~legg(lifted))

all rear legasplaced X is both rear legs placed, X - t.

clear rear'lifted memory :- etract(rear~leqs(liftedH.

place rear lmgs Aleg is placable rear-leg, Al1eg - nil, dsaerta(decision(A leg,_
lace)).
*place rear legs.

*lift-rear lIegs A-leg is liftable rear leg, A~leg \-nil, asserts(decision(A leg,_,
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ft))

i do-lift middle legs i- lift-middle legs.

1 place~leqsaintheair~done %- X is alljegasplaced, X t.

I place2.egx :- Aý_eg is plaoable~leg, JAleg \-- nil,
asserta (decision(A leg,_,place)).

IPlace-logo.

***~******~*~ State Executors **********

(detun zoov*_baok~middll'ilego done 0)
(oond ((and (all -middle l07qSUttedN

(allimddl*jleqsaplaoed)
(a lea ±mddlejlifted..memory)
(a lea -movexýnemo ry)
(stop))

t)
(t nil)

(defun do..move back-middle legs C
(cond ((and (all-middle legs lifted)

(move-done)
(place-middle legs back)
(stop))

((and (all-middlejlegasjifted)
(move))

t)
((and (liftjniddle-legs)

(stop))
t)
(t nil))

(def un roove forward- front legs done C
(cond ((and (all-front legs lifted)

(..t~front_1egsjplaced)
(clsear tront I itted memory)
(clear-movejmemory)
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(atop))

(t nil)))

(detun do move forward front legs (
(cond (Hand (all front legs lifted)

(move done)
(placejfront-leqa)
(stop))

t)
((and (allfront~leq._lifted)

(move))
t )
((and (lifttfront~..eg.)

(atop))
t)
(t nil))

(do fun move 'forward middle-lege done (
(cond ((&Ed (all_;iddl*_eqxg lifted)

(all middle 1lsgaplaced)
(clear _middle..li tod.djemcry)
(c lear move .Memory)
(stop))

t )
(t nil))

(defun do move forword-middlo leg. (
(cond ((and (all middle leqs lifted)

(mo'._done)
(place-middle legs)
(stop))

t )
((and (all -middle lge alifted)

(move))
t )

(stop))
t )

(t nil)))

* ~(defum move forward rear legs done
(cond ((and (all rear lega lifted)

Cal lreAr-leqsplaed)
Otlea r-rearI 4f fted memory)
(clee rjove memo ry)
(atop))

t)
(t nil)))
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(defun do-Pova fOrwardkea4.1elS7 ()
(cond ((and (all._rear legs lifted)

(move- done)
(Plac; eoer-le3)
(Stop))

t)
((and (allrear -legajifted)

(mrnve))
t)
((and (lift roar).egs)

(stop))
t)

(t nil))

(defun move 0)
(eond ((&@sort& resumempovement)

t)
(t nil))

(defun stop. ()
(oend ((asserts, utopmnovement)

t).
(t nil))

(defun clearjnove~mnerory 0)
(acond ((retract move 'done)

t)
(t t)
(t IlilI)) )

(defun move-done D)
fcond ((match move 'done)

t)
((and (at tkm limit)

(asierti move 'done))
t)
((and (at-stabilityjlimit)

(asserts, move 'done))
t)
(t nil))

(defun back middle legs done (
(acond ((and (all mi~ddle legs lifted)

(all rnidd3 eleqsylsced)
(clear n'iddle lifted-memory)
(clearrnoveniemory))
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t )

(t nil)))

(defun do back middle~lega (
(cond ((and (All Middl* logs lifted)

(plaioe iddle.)egs-back))
t)
(I if tjiiddle~legs)
t)
(t nil))

(dofun all middle legrsliftod (
(cond ((match MTddlojlega 'lifted)

((and (both middle legs lifted)
(asserta mid~dle legs 'lifted))

t)
(t nil))

(defun all middle legs~placed C
(cond ((Sothmýfi~dle~legsplaced)

t)
(t nil)))

(defun dclo:rmiddle lifted .memory C
(cond (( *tract middle-leg. 'lifted)

t)
(t nil))

(defun place...iddle).eqs..back 1)
(let (leg)

(acond ((and (setf lig (placable middle~log))
(&aoreta deci.sion (list 'place-back leg)))

t)
(t t)
(t nil))))

(defun lift middle-logo (0
(lot (leg)

(cond ((and (setf log (liftable-middle leg))
(assert& decision (list lIft leg)))

t)
(t t)
(t nil))))

* ~(defun forward front lega dons (
(cond ((and (alljfront~legs liftmd)

(All. fCont_1egajPlaced)
(olear -f ront lifted memory)
(clear-move.3emory))

(t nil))



robot444 lisp Thu No~v 29 11:34:42 1990 22

(defun do-forward-fzont.).egs 0)
(cand ((and (allfronlega~lifted)

(plaoefront~legafl

((liftIront_1.lG93)
t)
(t nilM)

(defun a lfront~legsalifted 0)
(cond ((match front-logo 'lifted)

t)
((and (bothjfrontjlegS.).ifted)

(assert& front-logs 'lifted))

(t nil)

(defun al frontlogo-Placed (
(cond ((be of*;nt~lsqsalacsd)

0)
(t nilM)

(defun celar fon-ldttedýmomory0
(cond ((rtetnot front legs 'lifted)

t)
(t nil))

(defun Plaoe-jront-legs
(lot (leg)

(Cend ((and (sett leg (placoblIejront.3109))
(asbert& decision list 'place leg)))

t )
(t t)
(t nilM) )

(defun lift front logs
(lot (lei )

(cond ((and (setf log (liftablejfront).eg))
(aaserta decision (list 'lift leg)))

t)
(t t)
0; nil)))

(do fun forward -middle-legs-dons 0
(cond ((and (all middle legs lifted)

(all middlo legsjplaosd)
(clear-middle lifted memory)
(c lea r move memo ry))

(t nil))
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(defun do forward mriddle legs
(cond ((and (all 'middle leg3_lifted)

(placEyniddle-legs))
t)
(Gift -middlO_1egs)

(t nil)

(defunt placejimiddeleg I)
(lot (log)

(cond ((and (setf log (placable middloejeg))
(assert& decislon (hast 'Place leg))

t)
(t t)
(t nil)))

(defun Corwa rd -rearlegafione 0)
(cond ((and (all~rear~legs lifted)

(a 11 wee rlogaplaced)
(Clear::eaxliftod~memory)
(Cleawjmovejnemory))

t)
(t nil))

(defun do forward, rear leg. (
(cond ((and (a11:tearjleqsuifted)

(place-rear-logs))

((ift-rear-legs)
t)
(t nil))

(defun allwrearjeogs~lifted (
(cond ((match rear-logo 'lifted)

((and (both-rsar legs lifted)
(assert& rear leg3 'lifted))

(t nil)

(defun all-rear~lega~placed C
(cond ((both-rear logsuplaced)

t)
(t nil))

(detun clear-rear-lifted memory C
(cond ((retract rear_).ega 'lifted)

t)
(t nil))
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(defun place_rear_legs ()
(let (leg)

(cend ((and (setf leg (placable rear leg))
(asserts decision (list 'place leg)))

t)
(t t)
(t nil)

(dtfun lift rearlogo ()
(let (le1)
(cond Hand (setf leg (liftable rear leg))

(asserta decision (ist 'lift leg)))
t)

(t t)
(t nil))))

(deoun do-litf middlelegs ()
(cond ((lift middleleqs)t)

(t. nil)))

(defun placelegsainthe-air done ()
(cond ((alllegrs_placed)

t)
(t nil)))

(detun do plaoe legs_intheair ()
(let (le0)

(cond ((and (setf leg (placableleg))
(as*erta decision (list 'place leg)))

t)
(t t)
•t nil))))
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PPlan Libraries,

pbody~plan a- peed~plan, trajectoryjplari.

I speed~plan a-retract(reduoe~speed), alowdown.
ispoed~plan a-speed-up.

ispeed-up :- X is apeedup~robot.

; slowdown i- X is slovwdown~robot.

ttraleotory~plan i- staole m, restore trajectory.
ttxajectory~lan s- modi~fy~trajectory".

; tableyrA i- Condition is stablejpm, Condition -- t.

t eatore~trajectory s- x is rsstore.onm~and.

i modify~trojectory :- X is modifyocommand.

i generate-decision i- eat(diinClqeqdesi),
tx is send decision Beg,).q, kdecis ion), fail.

i generat*edeoisimi i- retract (it e(A~.eg,kýdecis ion)),
t ~X is sen ~deoision(Aleg,,A6deoiaion), fai~l.

p genorateedeoision.

(defun body~plsn()
(oond ((and (speed~plan)

(trajectory plan))
t)
(t nil))

(do fun apeed~planoC
(cond ((and (retract reduceaspeed)

(slow-down))
t)

((and (retract stop mnovement)
(stop~jnotion))

t)
((and (retract resume movement).

C resume-mot ion)
(speed-up))

t)
((Speed 'up) t)
(t nil))

(defun spead-up(
(uond ft (speed -up robot) t)

; It nil)))

(cletun slow down()
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(cond (t (slow downrobot) t)
(t nil)

(defun aaectory._plan()
OR
(cond ((and (stable m)

(restore-trajeotory))
t)
((modifytrajectory) t)
(t nil) ))

(defun stablejm ()
, (oond ((stablep..m) t)

(t nil)))

(defun testore_trajeitory()
(cond (t (:estorecommand) t)

(t nil)))

(defun modifytrasectory ()
(oond (t (modify•command) t)

(t nil))

(defun generate_deoision()
(oond ((not (unify decision a-decision))

nil)
((and (unify decision a-decision)

(retract decision a-decision)
(print (list (second a-decision) (third decision) (first decision)))
(send.decision (second a-decision) (thirdd decision) (first decision))
(generate_4ecAcion))

(defun generate_deoision()
(cond ((and decision

(not
(dolist (a-decision decision) (mend-oae-deoision a-decision)))

i dolist returns nil
(not (setf decision nil))
nil) i this simulates fail

t)
((and limitleg

(unify limitleg deciaionl)
(send-one.decipion decisionl)
(retract limitleg '?)
nil)

(t )
(t t)Ct nil)) )

(defun send-one-decision (Aecision)
i form•t (decision leg) leg2)
i lisp function

(cond ((equal (first decision) 'exchange)
(send decision (second decision) (third decision) (first decision))
(t
(mend-decision (second decision) nil (firat decision))))

t)
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ModsiCommnon-Lispi Base:lO0~

s ensor flavor definition

(defflavor sonhor(state owner)

sinitable-inatance-variables)

contact-sensor flavor definition

(def flavor contaac.-consor C
(sensor)

tinitable-instanoo-variables)

(dofm*U.hod (contact -asort*r iinitti)
(log-name)

(setf state (tend self tiensing)))

(dofmothod (sensor :oontact-p)
0)

state)

(dafmathod (sensor :senhing)
0)

Isimulation purpose
igraph-terrain is object.
(Setf state

(lot* ((leg-pos-wrt-body (lend (send owner eoxecutor)
:leg-pos-wrt-body))

(leg-pon-wrt-earth
(to-earth-tranaform (lend owner iget-HI) log-poa-wrt-body))

(x-y-pos (lilt (first log-pom-wrt-earth)
(second leq-pon-wrt-earthf))

(leg-height (third leg-pos-wrt-earth)))
(if (< log-height (4 0.0'7 (mend graph-terrain tget-height x-y-pol)))

t
nil))))
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i~i -* Mode:Common-Liapi Base:lO0~

s tability-caloulator flavor definition

(defi lavor stability-calculator (3afety-margin
safety-margin-p
la rge -urn et y-m~argin
large-safety-margin-p
recovery-vector
recovery-voctor-p
owner)

2 initable-instance-variables)

(&ett safety-mrnzgin 0.4)
(sett safety-margin-p 0.2)
(setf large-safek~y-margin 0.5)
(setf large-safety-margin-p 0.4)
(setf recovery-vector ' (0 0 0))
($Ottf reovery-vooto:-p '(0 0 0)))

(dofmothod (stability-calculator :got-recovery-voctor)

recovery-vector)

(defmethod (stability-oaloulator :get-:eoovery-veotor-p)

recovery-vactor-p)

(detmethod (stability-calculator :convert-to-recovery-vector)
(stability-vector)

(lot ((am (first stability-vector))
(voct (second stability-vector) )

(cond ((< am 0)
nil1)

((< am 0.1)
(magvect I, am) veot))
Ct
(magvect (/0.1 (* am sm)) vectf))))

(dofumithod (stability-calculator ;more-stable)
(supporting-lega H legi leg2)

(let ((stabilityl (send self :ca).culate-stability
I ~(cons legl supporting-logs) H))

(stability2 (send self :calculate-stabillty
(cons leg2 Supporting-legs) H)))

(if (> stabilityl atability2)
t
nil))
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(defr.athocl (stability-calculator :rtable-m)
i predict- H <- 1-1l0

(su.pporting-logs H)

(3end self :9et-stability supporting-leqs H)))
(Wond ((>- (first stability-vector)

large-safety-margin)
t)
(t
(it (>- (first stability-vector) safety-margin)

(setf recovery-vector
(send self :convert-to-recovery-vector stability.-vector))

(Dotf recoveary-vector '(0 0 0)))
nil))))

(Ommethcd.(stabiltty-calculator :stable-p-m)
t present. H -4 Hl

(supporting-p-legs X~)

(send self :got-utnbility supporting-p-.Lega X))

large-saftty-nmargin-p)
t)

(t
(astf r1covery-Vetctor-P

(berz self :Convert-to-raoovery-vector stab ,lity-vector))
(i ~at-utArg4.n saf sty-~nargrin-~p)
(may-print (list 'st-p st-margin)))

nil))))

(dafmethod (stability-calcualator :stable)
(supPortinq-lc~qS H1O)

(it (>- (send sell: :calculate-stability
supp~orting-logs HIO)

safety-marzgin)

nil))

(defmothod (stability-calculator : utable-p)
(surporting-p-2.ega HI)

sv.pporting-p-logs HI)

t

(letmethod (st~abillty-Qaiculator : calculdte-stability)
(cupporting-legs H)

ýfirst (send self :get-atnbillty supporting-logs H)))

tdefrtiEothod (stabtlit7-calcul.itor :get-stability)
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(supportinlg-lSga H)
~if (I,. (counting supporting-log3) 3)

(measure-distancO (center-of-gravity H)
(convex-hull

(support ing-po ints
supporting-logo)))

'(-100.0 (0 0 0M))

'defun convvex-hull (pointa)
i returns clockwise-ordered
point list of convex hull

(reverse
(convexi (oar points) points

't0 0 0) nil)),)

(defun cor.'rox1 (ouxreiit-point points pvsvi.eus-pt vis4.t*rý-pts)I.
(let* ((min-out-pt (min-out current-point previ~cus-pt pe4.nts),)

(pos (posi.tion mi~n-out-pt visited-pts itest -equal)))
(rmnd (pea

(subseq visited-pta 0 (+ p05 1)))
(t (convexl min-out-pt

pLuir.ts
current-point

(defun min-out (current-pt pv-pt pts)
(let* ((min-pt nil)

(min-angle 100)
(angle 0))

(cond ((not (equal a-pt current-pt))
(setf angle (turning-angle (vectsub current-pt pv-pt)

(vectsub a-pt current-pt))
(oond ((< angle min-angle)

(Botf mmn-pt a-pt)
(setf uuin-angle angle))))))

mmn-pt))

Cd. fun turning-angle (veot new-vect)
;2 D space clock-wiase turn.4.ng angle
iNeither vect should not be zero vector.
'let* ((voctl-0 (list (first vecot) (second voct) 0))

(vaot2-0 (list (first rnew-vact) (second new-voct) 0))
(normnal-vect (croasprod vectl-0 vect2-0))
(polarity (> Cthitd normal-vect) 0))
(value (/ (dotprod vectl-0 vect2-0)

(*(magnitude voctl-0)
(magnitude veuL2-0))))

(angle 0))
(if (>- value 1)

(setf value 1))
(if (<- value -1)

(sett Value -1))
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(S'Att angle (Aco~i valIe))

(- (* 2 pi) angle)

anqla) 1

(defun 'center-of .-grav4.t* (W)
ce~nt er- oif-body- is r~prosontod wrt earth coordinate.
(let I(Cx Wart X e )

(list 'x Y).)
i cont~~r-of-body- UK be cusnied in fututc.,

(dotf *an. f.tad-a-lope (first-point aecond-point)
(let. (.(dg,1-x (- (mar seooan-point) (car fikslt-point)))

Idelwy (-(cad: seconld-poinlt) (cadr first-point)))),

nil))

(defuri iniito-dasio N
(lie% x

(+ (* '(oar &-line) x) Coad: a-lIine)))

(defun intersection-poin~t (a-line b-line)
Returns list (x Y) . Linie is list (slope areassing-point-of-axia).
(cond ((null (car &-line)) (infinite-case (cad: a-line) b-line))

((null (car b-line)) (infinite-case (cad: b-line) s-line))
(t (normal-case a-line b-line))))

(defun in-aide-of-convex-hull (center-point first-points second-points)
(do* CHtirst-points fLirt-pointa (edr first-points))

(secona-pointe seoonc.-points (cdr seoond-points))
(in-aide-flaq T))

((null first-points) in-side-flag)
(if (test-out-aide (car firat-pointa) center-point (can aecond-points))

(defun line (slope point)
(if slope

(list. ' lope (- (second point) (* slope (first point))))
(list slope (first. point))))

;Wh'nn slope is infinitive, :ctturn with x-axis orusaing po.~nt instead of
;y-axis cnoaaing point.

(do fun measure-distance (center-point convex-points)
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; convex-points is a list of points
; point is a list (x y z).

Clet* ((first-points convex-points)
(second-points (append (cdr convex-points)

(list (car first-points)))))
(if (in-side-of-convex-hull center-point first-points second-points)

(start-measure center-point first-points second-points)
,(-10.0 (0 0 0)))))

center-of-gravity is out-side of support pattern

(defun normal-case (a-line b-line)
(let* ((al (oar a-line))

(bl (cadr a-line))
(a2 (oar b-line))
(b2 (cadr b-line))
(x (/ b- b2) (- a2 al)))
(y (+ (* al x) bl)))

(list x y)))

(defun point-distance (center-point first-point oeoond-point)
returns distance and vector between oross-pt and center-pt
(let* ((slopel (find-slope first-point second ioint))

(slope2 (right-angle slopel))
(cross-pt (intersection-point (line slope. first-point)

(line slope2 oenter-point)))
(del-veot (voctsub oenter-point cross-pt ))
(distance (mnagnitude del-vect)))

(list distance (list (first del-veoat) (second d-31-vect) 0.0))))

(defun right-angle (slope)
(cond ((null slope) 0.0) 1 infinitive input slope

((< (abs slops) 0.0000001) nil) ; zerop slope
(t U/ (- 1) :30oMe))

(defun start-measure (center-point first-points aenond-points)
(do* ((first-points first-points (cdr first-points))

(second-points second-points (adr second-points))
(min-distance 10000.0 min-distano.) i infinte dummy number 10000.0
(mmn-dLrection nil) (dil-dtr nil))

((null first-points) (list min-distance mmn-direction))
(setf dis-di: (point-distance center-point

(oan first-points) (car secoiid-pointo)))
(cond ((< (first dis-dir) min-distance)

(setf min-distance (ftrat dis-d-.r))
(setf taLn-direction (second dis-dir))))))

(defun supporting-points (log3)
(mapcar #'(lambda (leg)

(send leg :foothold))
legs))

" i i . .. . .. . . ....... ... .... .. i iI
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(defun t*3t-O~t-$idO (f irat-Pcint 30Cend-poiifl third-point)
(let* (Ha C-(cadr first-point) (cadr third-point4),N

lb (-(car thii~d-po:...':) (car first-pointf))
(c ( (+ (* a (car third-point)) (* b (cad: third-point)))))
(decision (+ (*a.(car aecond-point))

(*b (cadr second-point))
CM)

(if (*decision 0.0)

nil))
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;j; -*- M.od*:Corrzron-Lisp; Base:10 -t

a top-body definition

* ~(doff .lave: stop-body Csot -body-mrotion-flag)
(body)

:initable-instance-variables)

(defmothod (stop-body taftor sinitti)
0)

(sotf atop-body-motion-flag nil))

Cdofmethod (stop-body istop-body-motion)

Caotf atop-body-motion-Clag t))

(dofrnathod (stop-bodIy a restors-body-motion)

(aotf stop-body-motion-flag nail))

(defniethod (atop.'body ,cualculate-mation)
(j oystick-cormmand logo)

(aotf ioy-oorm~and jeystiok-oomnmnd)
(coord ((eTual support-plano-o look 10)

(setf eutimated-aupport-planos
(send aupport-plane-natimato: igot-plane logs)

(setf suppoý:t-plan*-looek 0)))
(mutt aupport-plane-olock (+ support-plane-olock 1))
(cond

((or atop-motion-flag atop-body-motion-flag (null modify-voctor-p))
(send body-controllez: control

I0 0 0)
0 *atimated-aupport-plano))

(modify-vector-p
(send body-controller toontrol

(veotadd joy-coxunand (send asel :get-modify-vootor-p))
deceleration-factor estirnated-aupport-plane))

(t
(control body-controller

(veotadd joy-commnand C(mend self :get-modify-vactor))
deceleration-factor emtimated-aupport-plane)f))
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I, Mode:COMott -Liapj BasedO -*

support-plane-estimator flavor definition

(doff lavorx support-planeo-estimator (owner)

(dotmethod (support-plano-ast~i~mtor ainitti)

(defmathed (support-plane-estimator :get-plans)
(lairs)

(let* ((footholds-fox-esti~mation (get-footholds logo))
(constants (get-constants footholds-for-ostimation)))

(make-plans-from-ooofficient constants)))

1 support-p2.ane-evtimator,get-plans

(dofun add-points (points)
ireturns a list (nuznber-of-pointa sum-of-points).
(do ((points points (odr points))

Ci 0 (+ ± W)
(aunm-vOCL '(0 0 0O)

((null points) (list. i sum-vootfl
(satf sum-vect (vactadd (car points) sum-voot))))

(defun average-point (points)
(lot* ((num-&-sum-vect (add-points points))

(nwnber-of-points (first num-6-sum-vect))
(sum-voot (secend nuxn-&-aum-voct)))

(if (> number-of-points 0)
(rnagveat U/ 1 number-of-points) suzn-veot)
(print "Error in finding average-point of estimate plane"))))

(defun get-aO (bar-point al)
(let,* ((x-bar (first bar-point))

(u-bar (third bar-Feint)))
(- -bar (* al x-bar))))
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(defun geqt-al (points bar-point common-denominator)
i returns al which is sum in this function.

(do* ((points points (edr points))
(sum 0)
(x nil) (x-bar (first bar-point))
(z nil) (z-bar (third bar-point)))

((null points) (/ sum common-denominator))
(setf x (first (oar points)))
( setf a (third (car pointa))
(actf sum (÷ sum (0 (- x x-bar) (- z z-bar))))))

'(defun get-a2 (points bar-point common-denominator)
i returns a2 which is sum in this function.

(do* ((points point3 (odr points))
(sum 0)
(x nil) (x-bar (first bar-point))
(y nil) (y-bar (second bar-point)))

((null points) (/ sum oonmon-denominator))
($Ott x (first (Ca: points))
(seat y (second (car points)))
(setf sum (÷ sum (* (- x x-bar) C- y y-bar))))))

(defun gaet-a3 (bar-point a2)
(letA ((x-bar (first bar-point))

(y-ba: (second bar-point)))
(- y-bar (* a2 x-bar))))

(defun get-a4 (points aO al a2 a3)
(let* ((nunber-of-points (counting points))

(yr (get-yr points a2 a3))
(or (get-sr points aO &I))
(yr-bar (qgt-yr-bar yr number-of-points))
(zr-bat (get-zr-bar ar number-of-points)))

(do ((yr yr (cdr yr))
(Zr or (adr zr))
(numerator 0) (s-yr 0) (a-zr 0)
(denominator 0))

((null yr) (/ numerator denominator))
(setf a-yr (first yr))
(setf a-or (first xr))
(setf numerator (+ numerator (* C- a-yr yr-bar) (- a-sr zr-bar))))
(set! denominator (+ denominator (* (- a-yr yr-bar) (- a-yr yr-bar)))))))

(defun get-oonimon-denominator (points bar-point)
(do* ((points points (odr points))

(sum 0)
(x n;l)
(x-bar (first bar-point)))

((null points) sum)
(setf x (first (car points)))
(setf sum (+ sum (* (- x x-bar) (- x x-bar))))))
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(defun get-constants (points)
(let* ((bar-point (average-point points))

(oormmon-denominator (get-common-denominator points bar-point))
(al (get-al points bar-point conmon-denominator))
(a2 (get-a2 points bar-point common-denominator))
(aO (get-aO bar-point al))
(a3 (get-a3 bar-point a2))
(&4 (get-*4 points aO &1 a2 a3H)

(list &O al a2 a3 a4)))

(defun get-footholds (legs)
(do* ((logs legs (cdr legs))

(footholds nil)
(a-leg nil))

((null legs) footholds)
(setf a-leg (car legs))
(if (send a-leg :foothold)

(setf footholds (cons (send a-leg itoothold) footholds)))))

(defun get-yr (points a2 a3)
(do* ((points points (edr points))

(yr nil)
(x nil)
(y nil))

((null points) (reverse yr))
(setf x (first (oar points)))
(setf y (second (car points)))
(setf yr (cons (- y a2 (* a3 x)) yO))))

(defun get-yr-bar (yr number-of-points)
(do ((yr yr (odr yr))

(yr-bar 0))
((null yr) (/ yr-bar nurnber-of-points))

(setf yr-Isar (+ yr-bar (first yr)))))

(defun get-zr (pointw sO al)
(do* ((points pointc (odr points))

(sr nil)
(x nil)
(z nil))

((null points) (reverse zr))
(setf x (first (oar points)))
(setf z (third (car points)))
(setf zr (cons (- z aO &0 al x)) or))))

(defun get-zr-b-ar (Zr number-of-points)
(do ((zr zr (odr zr))

(zr-bar 0))
((null zr) (/ zr-bar number-of-points))

(sett zr-bar (÷ zr-bar (first zr)))))
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(defun make-plane-fzom-ooef~iciont (constants)
(let* ((aO (first constants))

(al (second constants))
(a2 (third constants))
(W3 (fourth constants))
(a4 (fifth constants))
(a (- (* a4 a3) al))
(b (- a4))
(a 2)
(d (- (* a2 a4) &O))
(unit-normal (normalize-vector (list a b a)))
(dis (/ d (magnitude (list a b c)))))

(list unit-normal di.)))
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lit -*-- Mo~a:Cemmcri-Limpi base:l0

rteowrain-regulator flavor definition

* ~(defflavar terrain-regulator (body-rotate-rate-x body-rotate-rate-y
body-trans-rate-. old-body-rwtate-rate-x
old-bedy-rotato-rate-y old-body-trans-rate-s
gain min-height max-height
etal etA2 mmn-eta max-eta)

(regrulatorO
iinitoble-instanee-variobles)

(defmethod (terrain-regulator iinitthi)

(setf gain 5)

(sett min.-eta 0,0000001) 10 doegre
(aett max-eta 0.4363) 1 25 degrees
(aetf min-height 4.4) 14.4 feet
(sett max-height 5.4) 15.4 feet
(astf etal mmn-eta) 10 degree
(sett eta2 0.5236) 1 30 degree

(setf body-rotate-rate-x 0.0)
(satf bedy-rotate-rate-y 0.0)
(aetf body-trana-rate-z 0.0)
(list body-rotate-rate-m body-rotate-rate-y body-trans-rste-m))

(dofmothod (terrain-regulator tdo-terrain-twruliaation)
(k-gamma -delta-height)

tk-gamma-delta-height is ((k~x k.y k.z) gamma delta-height).
(lot* ( (k (f irat k-gamma-delta-height))

(gamma (second k-gamma-delta-height))
(delta-height (third k-gamma-delta-height))
(body-rotato-rate-x-n (~gain (first k) gamma))
(body-rotats-rate-y-n V* ain (ecoond k) gamma))
(body-trana-zate-s-n (*gain delta-height)))

(setf body-rotate-rate-x
(send self ilimitor

(send aelf :filter body-rotate-rate-x-n body-rotate-rate-x)
0.1))

(setf body-rotate-cate-y
(send self :limitor

(send self ifilter body-rotate-rate-y-n body-rotate-rate-y)
0.1))

(aetf body-trans-rate-z
(send self sl4.mitor

(send nelf : filter body-tranu-rate-z-n body-trans-rate-z)
1))

(list boedy-rotate-rato-x body-zrotate-rate-y body-trans-rate-z))

(detmethod (terrain-regulator :eta-function)
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(let ((slope /C max-eta min-eta (- eta2 etalM))
(4' min-ata s* lope C-eta etal))f))

(defmethod (terrain-regu~atcr iqet-k-gammia-by-slope)
(piano N)

(let* ((plano-rpt-body (plane-trantform plane H))
(height (cadr plane-rpt-body))
(eta (arc-oem (third (car plans))))
(k-qamma,-des Lred-he ight nil))

(sett k-gauuma-desired-hoiqht
Coond (N~ eta otal) (send self ilow-slope plane))

((< eta eta2) (send self amid-olope eta 3plan* 24))
(T (aend self :high-ulope plane H))))

(list (fi~rst k-gatmna-doeired-height)
(secoond k-gamraa-deseied-height)
(-(third k-gamma-deaixed-height) height))))

(delmethod (terrain-regulator a height-funotion)
(eta)

(lot ((elope UIC max-height min-height) (-et&2 etalf)))
(- max-height s* lope (- eta etal)))))

(delmethod (testadin-tegualator thi~gh-sloep)
(plane H)

(lot*' ((pla~ne-Unit-narmial, (first plans))
(a (first plane-Uanit-normal))
(b (second plane-unit-normal))
(m (sqrt (4 (* a a) (* b bl))
(desired-eta max-eta)
(desired-height mmn-height)
(ciesired-body-plAns (list (list ((/a m) (sin desired-eta))

(* UI b m) (sin desired-eta))
(earn desired-o~a)) 0.0))

(desired-body-plane-in-bcdy (plans-trarnuform deaaired-bcdy-plasn H))
(unit-ncrmal-bociy-plane (f irst deuired-body-plano-in-body))
(al (first unit-normal-body-plane))
(bl (second unit-nornial-'body-plane()
(cl (third unit-normal-body-plans))
(ml (mqrt (4. (* &I Wi (* bl bib))
Ck Ui: (- ~rl 0)

(list 0 0 0)
(list (/ (- hi) ml) &Ia~ ml) 0)))

(gammwa (arc-con cl)))
(list k gamma desired-height)))

(doofrnthod, Ctter~ain- regulator ýlimitor)
(Vol max-Vol)

(if (>- Cabs val) max-vel)
(if (> Vol 0)

max-Vol
(- max-Vel))
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(diefmethod (terrain-regulator a low-slope)
(plane)

* (let* ((unit-normal (first plane))
(a (first unit-normal))
(b (second unit-normal))
(a (third unit-normal1))
(m (sqzt (+ (* a a) (* b bM)f
(ksa nil)
(k.b nil)
(garmna (are-coo c))
(dosirad-)height max-height))

(i"( m 0.0)
(setf k.a 0.0 k.b 0.0)
Cactf kA (U (- b) mn) k~b U a an))

(list (list k~a 3c.b 0.0) gamma desired-height)))

(defanethod (terrain-recgulator amid-slop.)
(at& plans H)

Clet* ((plane-unit-normal (first plans))
(a (first plane-unit-normal))
(b (second plane-unit-normal))
Cm (sqrt (4. (* a a) (* b b))))
(desired-eta (send self aeta-funotion at&))
(desired-height (send self theight-~funotion eta))
(desired-body-plane (list (list (% / & mn) (sin desired-eta))

(U( b in) (sin desired-eta))
(coo dosired-eta)) 0.0))

(desired-body-plans-in-body (plane-transform, dessired-body-plane H))
(unit-normal-body-plane (first deaired-body-plane-in-body))
(al (first unit-normal-body-plane))
(bl (second unit-normal-body-plane))
(a). (third unit-nozmal-body-plane))
(ml (aqrt (+ (* &I al) (* bI bl))))
Ck (if (W ml 0)

(list 0 0 0)
(list U(/ - bl) ml) U/ &I ml) 0))

(gamma (are-cos ci))
(list k gamma desired-height)))

(defmaethod (terrain-rsgu~ator a regulate)
Cestianated-support-plane H)

(let C (k-gamma, (send self iget-k-gamma-by-slope estimated-support-plane H))
(send self ado-terrain-regulation k-gamma)))

Cdefmethod (terrain-regulator a:restore)
C)

(setf body-rot ato-rate-x old-body-rotatio-rate-x)
(aetf body-rotate-rate-y old-budy-rotate-rate-y)
(setf body-trans-rate-z old-body-trar~s-rate-z)
(list body-ýrotate-rote-ac body-rotate-rats-y body-trans-rato-W)

(detmethod (terrain-regulator :save)
0)

(set f old-body-rotate-rate-ac body-rotate-rate-ac)
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(aetf old-body-rotate-rate-y body-rotate-rato--y)
(setf old-body-trans-rate-z body-trans-rate-z)
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U;--Mode: Common -Lisp; Ease:10~*-*

test-over7.ap-leq definition

(*~lao *****test***e*****leg (I**~***~*******k**w**

(Overlap-leg)

(deftethod (teet-overlap-leg : ohang.-to-back-foothold)
0)

(sett loothold (first foothold-list))
(isetf tkm -"first tkrn-list)))
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Mo ~-Xde:Common-Lispi Base:2.0

1 teat-oveorlap-robot definition

(defflavox test-overlap-robot (
(overlap-robot)

(defrnothod (teat-overlap-robot :initti)

(send graph-asa :init-data)
(sett vision-system (make-instanaa $ditob-vision-system :owner self))
(send vision-system :Lintti)
(aotf joystick (make-instance 'Joystick).)
(send joystick :reset)
(empty-queue lift-queue)
(setf lift-flag t)
(let ( (H))

(setf body (make-instance 'body :owner self))
(matf H4 (send body :initti))
(Natf logs (list

(make-instance 'teat-overla-p-1q; ,name 'legI :ownor self)
(make-ins;tance 'toot-overlap-leg iname 'leV2 towner self)
(make-instance 'teat-overlap-leg sname 'leg3 townar seif)
(make-instance 'Iesi-ovtrlap-le' :name '11e4 %owner self)
(make-instance 'toat-overlap-leg :name 'leq5 iowner self)
(make-i.~stance 'teat-overlap-leg :name 'legG towner self)

(marcar *'(laambda (a-leg) (send a-leg ainitti H)) logs))

(defmethod (test-overlap-robot :send-doclsion)
(legI leg2 a-dsoision)

(cond ((equal a-decision 'exchange)
(send legl :serid-decision a-decision)
(send leg2 :send-decision 'place)
(send legi :send-exchange le92))

((equal a-decision 'place back)
(send legI ;change-to-b&ck-foothcld)
(send logrl :send-decision 'place))
(t
(send log]. :send-deciston a-decision))))

(defmothod (test-overlap-robot :ha3-more-tk)un
(logl 1*g2)

(let ((tkml, (send legl :tkcm))
(tkm.2 (send leg2 :tkin)))

(cond ((null tkm2)

nil)
(>tkml.

tkm2)))))
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(doemethod itest-overlap-robot :liftables-19g)

(cond ((momrber leg lift-able-leg. -test #'equal)
log)
(t nil))

.(dafmethod (test-overlap-rebot ipltcable-leg)
(log)

(nond ((and (member leg place-able-legs :test #'squal)
(send log thas-foothold-p))

(t nil))

(deftmethod (test-overlap-robot : liftable-front-log)

(cond ((send **If iliftable-leg (first legs)))
((send self :iaheeg(second logs)))
(t nil))

(detemethod (test-overlap-robot :placable-front-leg)
0)

(cond ((send self iplacable-leg (first legs)))
((*end celt :placable-leg (second legs)))
(t nil))

(defmethod (test-overlap-robot :both-f ront-legs-placed)
0)

if one of fron~t logo has not foothold, then this will fail!
(cond ((and (member (first legs) supporting-p-legs :test *'equal)

(member (second legs) supporting-p-legs :test #'equal))

(t nil))

(defmethod (test-ovorlep.-robot :both-front-legs-lif ted)

(cond ((and (not (member (first legs) supporting-p-legs :tesat *'equal))
(not (member (second legs) supporting-p-legs :test *'eqUal)))

t)
(t nil))

(defmethod (test-overlap-robot :liftable-rear-leg)

(cond ((send self :liftable-leg (fifth legs)))
((send self :liftable-leg (sixth legs))
(t nil)))
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(defmethod (L~est-ovqirlap-robot :placak~le-rear-leg)

(Cond ((send self :placable-leq (fifth legs)))
Hsend @*It aplacmble-leq (sixth logs)))
Ct nil)))

(defmethod (teat-ov'irlap-robot iboth-rear-l'9gs-placed)
0)

If nen of rear legs has not foothold$ then this will ta4.ll
-(cond (Hand (member (fifth leg&) supporting-p-legs :test #'equal.)

(mimnber (sixth legs) support-.ng-p-lags itest #'equsl))

(t n..lfl)

(defmethod (teaL -overlap-robot :bot-rear-legs-lifted)
0 I I)

(corid ((.and (not (membor (fifth legs) cupporting-p-.legs itost 4'equal))
(not; (member (sixth Lpgs) a upporlwing-p- legs :teat *'erjua.))

t)

'def~method (test-ovexlap-robot a liftible-middie-leg)

(corad ((tend self :lifltable-leg (thivd legs)))
((suand self :liftable-leg (fouxrth legs)))
Ct n~il)f

(deftethad (tost-overlap-ro)het tplacablc-midctle-leg)

(cond ((send self :placAb3e-leg (third legs)))
(Csend delC :placable-leV (fourth legs)))
(t nil)

(defrnmthod (tsost-overnap-robot :both-middle-legs -placed)

i f one of middle legs has not foothold, then this will faill
(Cond ((and (member (third loge) supporting-p-legs :test #'equal)

tmembor Cf. ruh legs) supporting-p-legs -.test *'equal))

it nil)))

* Cdofmethod (test-overlap-robot :both-middle-legs-lifted)

(cond (Ond (not (member (third 1193) supporting-p-legs :test O'equa3L))

t) (not (mamibor (fourth legs) 3upporting-p-leqs :tt~t Vsqiuil)))

(t nil))

(defmethod (test-overlaF-robot :onoa-piacable-leg)
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(cond ( (send self iplacable-frent-le'#')
(send selg iplacable-middle-l.eg))

((send self iplaoable-rear-leg))
(t nil))

(detirithod (test-overlap-robat :all-l.ega-placed)

(cond ((and (send &*It :both-front-lisgs-placed)
(tend self :both-middle-loqs-plac~d)
(send self :both-rear-1egs-placed))

t)
(t nil))).

(datmethod (test-overlap-robot tat-ditch-aroa)

(sand vision-systemt :ori-ditch-arna
(send self :get-H1O)))

Prolog Interface runctions

(defun liftable front leg
(send eay :liTtable-front-leg))

(defun placable front leg 0)
(mend asv :plicable-front-leg))

(defun bothfront legs. placad 0)
(send sae :both-frorit-logs-placed))

(detun both t~or~t legslifted ()
(send sae :both-front-legs-lifted)l

(defun liftable rear leg ()
(send asv :liftable-rear-Tleg))

(defun placable_rear~la.g
(send say :placable-rear-leg))

(defun both rear legsjplaced C)
(soend asa :bcath-rear-lesg-plaeed))
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(defun both rear legs lifted ()
(send asv :both-rear-lega-lifted))

(defun liftablej~4.ddle leg
(send asv :liftable-;iddle-log))

(defun placable middle leg
(send asv :plaoable-middle-leg))

(defun bot4_middle legsaplaoed C)
(send asv iboth-mRiddle-1ego-placed~)

(defun both '-middle legs lifted 0
(&end asv :both-Fmiddli-loes-lifted))

(defun placable).eg C
(send isv :on*-placable-leg))

(defun all legsaplaced ()
(send soy :hll-logs-placed))

(defun at ditch ares 0)
(send asv :at-ditch-aroa))
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im -*- Hode:Comrnron-Lisp; Base:10 -*-I********************************************************

; tk-oalculatcr flavor definition

(defflavor tkm-calculator(working-volume owner)
()

:initable-instanoe-variables)

(detmethod (tkm-calculator :initti)
(leg-name)

(cond ((equal log-namie 'leg1)
(setf working-volume

'((((0 0 1) 3.316) ((1 0 0) -8.0932) ((0 0.9397 0.3420) -2.569))
(((0 0 1) 5.7313) ((1 0 0) -3.4167) ((0 0.9397 -0.3420) -2.569)))))

((equal leg-name 'lg2)
(setf working-volume

'((((0 0 1) 3.316) ((1 0 0) -8.0832) ((0 0.9397 0.3420) 2.569))
(((0 0 1) 5.7313) ((1 0 0) -3.4167) ((0 0,9397 -0.3420) 2.569)))))

((equal leg-name 'leg3)
(sotf working-volume

'((((0 0 1) 3.316) ((1 0 0) -2.2915) ((0 0.9397 0.3420) -2.569))
(((0 0 1) 5.7313) ((1 0 0) 2.2915) ((0 0.9397 -0.3420) -2.569)))))

((equal leg-name leg4)
(setf working-volume

'((((0 0 1) 3.316) ((1 0 0) -2.2915) ((0 0.9397 0.3420) 2.569))
(((0 0 1) 5.7313) ((1 0 0) 2.2915) ((0 0.9397 -0.3420) 2.569)))))

((equal leg-name 'legS)
(setf working-volume

'((((0 0 1) 3.316) ((1 0 0) 3.3332) ((0 0.9397 0.3420) -2.569))
(((0 0 1) 5.7313) ((1 0 0) 7.8332) ((0 0.9397 -0.3420) -2.569)))))

((equal leg-name 'legE)
(aetf working-volume

'((((0 0 1) 3.316) ((1 0 0) 3.3332) ((0 0.9397 0.3420) 2.569))
(((0 0 1) 5.7313) ((1 0 0) 7.8332) ((0 0.9397 -0.3420) 2.569)))))

(defmethod (tkm-calculator :find-tkm)
(a-foothold body-trans-rate body-rotate-rate)

/ a-foothold is based on body coordinate
i returns tkz

(let* ((leg-vel-rpt-body
(get-leg-velocity

a-foothold body-trans-rate body-rotate-rate)))
(get-tkm a-foothold leg-vel-rpt-body working-volume)))

(defun get-distance (planes velocity leg-position)
Sglobal function : plane-distance
; beforo start, make one plane list

(do ((planes (append (first planes) (second planes)) (cdr planes))
(a-'-t)k nil)
(min-tkm 10000))

((null planes) mtin-tkmn)
(setf a-tkm (plane-distance (car planes) velocity leg-position))
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(if a-tkM(if (and (> a-tkm 0) (> min-tkm a-tkm))
(setf min-tkm a-tkm)))))

(defun get-lg-velocity (pos-rpt-body body-tran3-rate body-rotate-rate)
i returns leg-velocity-wrt-body

a - ( body-trans-rate + body-rot•ate-rate X pos-rpt-body
(vectsub '(0 0 0)

(vectadd body-trana-rate
(crossprod body-rotate-rate pos-rpt-body))))

(dofun get-tkm (leg-pos-rpt-body velocity working-volume)
; global function i magnitude
; outside w.v returns nil. Zf speed is near 0, then returns 1000.0,

(if (in-side-volume leg-pot-rpt-body working-volume)
(let ((speed (magnitude velocity)))

(if (< speed 1/1000)
1000.0
(/ (get-distanco working-volume velocity leg-pos-rpt-body) speed)))

nil))

(dofun in-side-volume (position planes)
planes ((up front left) (back right bottom))
(let* ((positive-planes (fixst planes))

(negative-planes (second planes))
(inside-flag T))

(dolist (s-plane positive-plcnes)
(it (>- (plane-normal-diosance a-plane position) 0)

(seatf inside-flag nil)))
(dolist (a-plane negative-planes)

(if (<- (plane-normal-distance a-plane position) 0)
(setf inside-flag nil)))

inside-flag))
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is: -*- ModeiCornmon-Lisp; NA34;10

:user interface routines

Cdefvar *old-terrain-fijle-nhme*)
(defvar *new-textaiI1-file-nams*)
(detvar *terzain-slops-type*)
(defvar *terrain-slope-data*)
(defvar fteraiplo-ngle*)
(defvar *terrain-type*)
(defvar *Obstacol-ratio*)
(defvar *random.aeed*)
(defvaz *o1k-f3,ag*)
(defvar *screen*)
(defvar *screen-width*)
(defvar *screen-height*)
(detvar *new-Uisp-l4.atensr*)
(dot var *ditch-width*)
(edefvar *ditch-locatiorn*)
(defvar *ditch..type*)

(defun initi~alize-monu-variablea C)
(uetf *old-terrair1-file-name* nilJ)
(aetf *new-terrain-file-name* nil)
(setf *terxain-alepe-type* 'default)
(setf *terrain-slope-data* nil)
(setf *te11ain-slope-angle* 0)
(setf *terrain-type* 'random)
(setf *obatacle-ratio* '25)
(oetf *randombseed* '125)
(aetf *ok-flag* t)
(setf *ditch..width* 6)
Ceetf *ditch-location* 21)
(setf *ditch-type* 'no-ditch))

(defun get-old-terrain-file-name()
(lot ((file-names

(mapcar V'(lambda (file)
(list (file-nameutrin; tile) ':documentation "Us~e an old terrain")

(directory "robotskwakc robot terrain-,Iata,*.*"))))
(if file-names

(w~menu-choose (cons ' C~iew-terrain" :value nil :docu~mentation "Create a new ter
in"e)

tile-names)
:label "Select terrain"
:superior *new.4isp-liutenerk)

Cw:menu-chooae '((new-terrain" :value nil :documentation "Create a new terrain"
:label "Select terrain"
:superior *new..lisp...,iatensr*))))

(defun get-terrain-slope-type (
(w: choose-variable-Values

'(C*terrain-slope..type* :menu-alist (("Default" :value default)
("Single Angle" :value 3ingle-angle)
("Manual" :value manual))))
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.label "Choose terrairx slope profile"
:superior *new-lisp..listeneLr*)

*terrain..slope..typ**)

(defun get-terrain-.alope-angle ()
(wohooso-var..ablo-ValU63
((Wterrain-slope-angle* tdooumentation "Input terrain slope angle"

:constraint (lambda (dl. d2 d3 value)
(cend ((> (abs value) 30) "Too steep angle")

(t nil) ))))
:label "Input terrain slope angle"
:superior wnew-lisp-listener*)

*terrain..alope..angla*)

(defun get-terrain-alope-data ()
(sett *ttrrain-.slope-data* '((15 0) (30 2H))
(wi chooue-variable-values

M(*trrain-slope..data* ideocumzentation "Input f oxuat ((xl hl) (x2 h2) ,

sconstraint (lambda (dl. 42 d3 value)
(cond ((null value) "Please input slope",)

(t ni*l)))
ilabel "Input slope data"
:superior *new-.ligp..listoner*)

dtterrain-olope..data*)

(defun get-tervain-obutacle-type
(WI ahoove-variable-values

I ((terrain-.typo* :menu-aliat (("Random" ,value random)
("Manual" :value manual))))

ilabel "Choose type of terrain"
:superior anew-lisp-listener*)

* terra in-type *

(defun get-terrain-random-dataoC
(w :choose-variable-values

((*obstaole..ratio* toonstraint (lambda (dl d2 dS value)
(cond U>value 90) "Too Big")

( value 0) "Error"l)
(t nil)))

(*random...eed* :fixnum))
:superior *now-lisp-listenerf)

(list *obstacle-ratio* *random-.seed*))

(defun get-ditch-type
(w :chooae-'Variable-valuco

(CWditch-type* :menu-alist (("Add Ditch" value add-ditch)
("No Ditch" :value no-ditch) )))

:label "Choose ditch option"
:superior *new-lisp-listener*)

*ditch..type*)
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(delun get-ditch-width-locationkl)
(w: chooae-variA~ls-valuss

?((*ditch-width* :Constraint (lambda (dl d2 d3 value)
(cond (>value 7) "Too Big")

((value 3) "Too Small")

(*ditoh..location* iconstraint (lambda (dl nil0) alue
(cond (.value 32) "Too Big")

(<value 15) "Too Small")
(t nil)))))

:super4.or *new-l~isp-liatensr*)

(defun uber-ok()
(satf *ok..flag* t)

(w: ehooss-variable-valuos
I ((*k...lag.* aboolean))

:label "Do you like this terrain?"
:superior *new-lisp-liatenorfl

*ok..flaq*)

(de fun usor-file-name ()
(wichobooa-variab3.e-vailues

P ((new..terrain..ftle-name* istrinq))
ilabel "Please provide the output file1 name."
:superior *new..lisp-listener*)

*now-.terrain-.file-name*)

(defun user-save()
(Petf *ok-flaq* nil)
(W choose-va: iable-values

P ((*ok..flag* "Save-p" :boolemn))
-label "Do you want to save this terrain?"
:superior *new-lisp-listener*)

*ok..flag*)

(defun move-and-shape-lisp-liatener 0
(aetf *screen* (*end ftennfnal-io* :superior))
(set! *screen-width* (send *screen* :width))
(setf *screen-height* (send *screen* :height))
(set! *riew-lisp-listener* (make-instance tw:lisp-listener))
(send *new-lisp-listenerl :refresh)
(send *new-lisp-..istener* :set-size

(truncate (* 1.0 *screean-idth*)) (truncate (* 0.2 *screen-height*))
(send *new-lisp-liatener* :set-position

0 (truncate (* 0.8 *scrben-height*M)
(send *new-lisp-listener* :sst-niore-p nil)
(send *new-lisp-liatener* :select))
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(defuri restore-liap-1istener()

(send *newlgWisp...isteflgr* :kill))

(defun my-print (x)

(defun my-read-char-no-hang ()
(z',ad-chazr-no-hang *new-ls-lsear)
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28 13
(1 6.625 0.0 3.0)
(2 6.625 0.0 1.08)
(3 6.625 -2.0 1.08)
(4 -6.625 -2.0 1.08)
(5 -6.625 2.0 1.08)
(6 6.625 2.0 1.08)
(7 6.625 0.9 -3.1)
(8 6.625 -0.9 -3.1)
(9 -6.625 -0.9 -3.1)
(10 -6.625 0.9 -3.1)
(11 0.0 0.0 0.0)
(12 0.0 0.0 0.0)
(13 0.0 0.0 0.0)
(14 0.0 0.0 0.0)
(15 0.0 0.0 0.0)
(16 0.0 0.0 0.0)
(17 0.0 0.0 0.0)
(1L 0.0 0.0 0.0)
(19 0.0 0.0 0.0)
(20 0.0 0.0 0.0)
(21 0.0 0.0 0.0)
(22 0.0 0.0 0.0)
(23 0.0 0.0 0.0)
(24 0.0 0.0 0.0)
(25 0,0 0.0 0.0)
(26 0.0 0.0 0.0)
(27 0.0 0.0 0.0)
(28 0.0 0.0 0.0)
(2 1 2)
(5 3 4 5 6 3)
(2 6 7)
(2 5 10)
(2 4 9)
(2 3 8)
(5 6 7 10 9 8)
(3 11 12 13)
(3 14 15 16)
(3 17 18 19)
(3 20 21 22)
(3 23 24 25)
(3 26 27 28)
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i~i -ft- Mods:Common-L13P; base:10

vision-system definition

(defflavor vision-system (owner)

:initab~le-instance-variables)

(dofmothod (vis ion-systemn : initti)

(defmethod (vision-system iscanning)

(defmethod (vision-syset~m ipemitted-cell)
Ct-cell)

Csend gr'aph-terraini tpermitted-cull t-cell))

(defrmethad (visicrn-systouu :terrair.-point)
Ct-cell)

(send graph-terrain iterrain-point t-e.11))
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